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Class II histone deacetylases (HDACs) contain unique amino-terminal extensions that mediate interactions with members
of the myocyte enhancer factor-2 (MEF2) family of transcription factors and responsiveness to kinases, including
Ca2�/calmodulin-dependent kinase (CaMK). Despite intense investigation of class II HDACs, little is known of MEF2-
independent mechanisms for transcriptional repression by these chromatin-modifying enzymes. Here, we demonstrate
that class II HDACs 4 and 5 physically associate with ankyrin-repeat proteins ANKRA2 and RFXANK (RFX-B/Tvl-1/
ANKRA1). ANKRA2 is a megalin- and BKCa potassium channel-interacting factor, whereas RFXANK is a positive
regulator of major histocompatibility complex II (MHC II) gene expression. HDAC4 and HDAC5 interact with the ankyrin
repeats of ANKRA2 and RFXANK and, through association with RFXANK, repress MHC II promoter activation. HDACs
4 and 5 also repress endogenous HLA-DRA gene expression induced by CIITA. Phosphorylation of class II HDACs by
CaMK results in CRM1-dependent nuclear export of HDAC/RFXANK complexes. These results define a novel transcrip-
tional pathway under the control of class II HDACs and suggest a role for these transcriptional repressors as signal-
responsive regulators of antigen presentation.

INTRODUCTION

Posttranslational modification of lysine residues in nucleo-
somal histones provides a central mechanism for the control
of gene expression (Jenuwein and Allis, 2001). Acetylation of
the amino-terminal tails of core histones by histone acetyl-
transferases (HATs) results in chromatin relaxation and
transcriptional activation, whereas deacetylation of histones
by histone deacetylases (HDACs) is associated with tran-
scriptional repression. Recruitment of HATs and HDACs to
gene regulatory elements by sequence-specific DNA-bind-
ing transcription factors gives rise to multiprotein transcrip-
tion regulatory complexes. There is also evidence that direct
acetylation/deacetylation of certain transcription factors
provides a mechanism for reversible regulation of transcrip-
tion.

HDACs are divided into three classes, I, II, and III, on the
basis of size, sequence homology, and formation of distinct
complexes (Verdin et al., 2003). Class I includes HDACs 1, 2,
and 3, which are expressed ubiquitously. Class II HDACs 4,
5, 7, and 9 exhibit a more restricted pattern of tissue distri-
bution and contain a conserved domain of several hundred
amino acids extending amino-terminal from the catalytic
domain. These amino-terminal extensions contain two con-

served serine residues that, upon phosphorylation, trigger
nuclear export of class II HDACs. Class III HDACs are
related to the yeast silent information regulator 2 (Sir2) and
require NAD for deacetylase activity.

Class I HDACs interact with a plethora of transcription
factors. In contrast, only a relatively small number of tran-
scription factors have been shown to interact with class II
HDACs. Most notably, class II HDACs associate with mem-
bers of the myocyte enhancer factor-2 (MEF2) family of
MADS-box transcription factors via their amino-terminal
extensions, resulting in transcriptional repression (Miska et
al., 1999; Sparrow et al., 1999; Wang et al., 1999; Lemercier et
al., 2000; Lu et al., 2000; Yang and Gregoire, 2005). MEF2
factors play key roles in the control of muscle differentiation
and growth through binding to A/T-rich elements in en-
hancer and promoter regions of a variety of muscle-specific
genes (McKinsey et al., 2002). Thus, negative regulation of
MEF2 activity by association with class II HDACs may in-
hibit growth and/or differentiation, depending on cell iden-
tity and the presence of other cofactors for MEF2 and
HDACs. Indeed, genetic ablation of HDAC5 and 9 in mice
revealed that they play important roles in cardiac gene
regulation and development (Zhang et al., 2002; Chang et al.,
2004). Recently, we also reported that another class II
HDAC, HDAC4, governs chondrocyte hypertrophy and en-
dochondral bone development by associating with Runx2, a
master transcriptional regulator of these processes (Vega et
al., 2004a).

In an effort to identify novel class II HDAC-interacting
factors, we performed yeast two-hybrid screens using the
amino-terminal extension of HDAC5 as bait. Here, we report
that class II HDACs 5 and 4 associate with two related
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ankyrin-repeat proteins, termed ANKRA2 and RFXANK
(ANKRA1). The function of ANKRA2 is largely unknown,
although this protein has been shown to interact with the
megalin receptor and BKCa, a calcium-regulated potassium
channel, and thus may participate in receptor/channel sig-
naling and/or metabolism (Rader et al., 2000; Lim and Park,
2005). In contrast, RFXANK has been shown to play a critical
role in the assembly of a transcriptional complex containing
the CIITA coactivator on the HLA-DRA major histocompati-
bility complex (MHC) II gene promoter, resulting in stimula-
tion of MHC II expression and thus enhanced antigen pre-
sentation (Masternak et al., 1998; Nagarajan et al., 1999; Zhu
et al., 2000; Zika and Ting, 2005). Mutations in RFXANK are
associated with reduced levels of MHC II expression and
immunodeficiency in humans referred to as bare lympho-
cyte syndrome (Reith and Mach, 2001; Nekrep et al., 2003).
We demonstrate that class II HDACs 4 and 5 repress CIITA-
mediated activation of the HLA-DRA promoter through
association with RFXANK. HDACs 4 and 5 also repress
endogenous HLA-DRA gene expression induced by CIITA.
Phosphorylation of class II HDACs by Ca2�/calmodulin-
dependent protein kinase (CaMK) results in CRM1-depen-
dent nuclear export of RFXANK/HDAC complexes,
providing means to control HLA-DRA expression in a sig-
nal-dependent manner. These results suggest novel roles for
class II HDACs in the control of receptor-mediated signaling
events through ANKRA2, and MHC class II-dependent
antigen presentation via RFXANK.

MATERIALS AND METHODS

Yeast Two-hybrid Screen
A mouse 17-d embryo MATCHMAKER cDNA library (Clontech, Palo Alto,
CA) was screened with a GAL4-HDAC5 bait in the yeast two-hybrid system.
The bait was expressed from the pBD-GAL4-CAM vector and contained
amino acids 1–664 of human HDAC5 fused to the GAL4 DNA-binding
domain. Positive clones were subjected to specificity tests using the GAL4
DNA-binding domain alone as bait. Those clones that were specific for
interaction with GAL4-HDAC5 bait were sequenced.

Cell Culture, Plasmids, and Transfections
10T1/2, COS, and 293T cells were maintained in Dulbecco’s modified Eagle’s
medium (DMEM) containing 10% fetal bovine serum, 2 mM l-glutamine, and
penicillin-streptomycin. Transfections were performed using the lipid-based
reagent Fugene 6 (Roche Molecular Biochemicals, Indianapolis, IN) and cells
growing at a density of 5–10 � 105 cells/35-mm dish. Epitope-tagged deriv-
atives of HDAC4, and HDAC5 containing amino-terminal FLAG or Myc tags
were generated using the pcDNA3.1 expression vector (Invitrogen, Carlsbad,
CA). For GAL4-dependent reporter assays, 10T1/2 cells were cotransfected
with a luciferase reporter plasmid under control of four GAL4 DNA-binding
sites and the thymidine kinase (tk) promoter, pMH100-tk-luc (Nagy et al., 1997),
pM1-based expression vectors encoding ANKRA2 fused to the GAL4 DNA-
binding domain, and a CMV-lacZ (Invitrogen) plasmid to normalize for
variable transfection efficiency. A luciferase reporter plasmid under control of
the HLA-DRA promoter (DRA-luc), and an expression vector for human
CIITA were kindly provided by J. Ting (University of North Carolina). For
luciferase assays, cells were harvested 48 h after transfection, and luciferase
and �-galactosidase activities were measured under conditions of linearity
with respect to time and extract concentration.

Immunocytochemistry
COS cells were grown on six-well dishes, fixed in phosphate-buffered saline
(PBS) containing 10% Formalin and stained with antibodies in PBS containing
3% bovine serum albumin and 0.1% Nonidet-P40. Primary antibodies against
FLAG (M2; Sigma, St. Louis, MO) or Myc (polyclonal, A-14; Santa Cruz
Biotechnology, Santa Cruz, CA) were used at a dilution of 1:500. Secondary
antibodies conjugated to either fluorescein or Cy3 (Vector Laboratories, Bur-
lingame, CA) were also used at a dilution of 1:1000.

Coimmunoprecipitation Assays
For coimmunoprecipitation experiments, transiently transfected COS or 293T
cells were harvested 48 h after transfection in PBS containing 0.5% Triton
X-100, 1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, and protease

inhibitors. After brief sonication and removal of cellular debris by centrifu-
gation, FLAG-tagged proteins were immunoprecipitated from cell lysates
using anti-FLAG affinity resin (Sigma) and washed five times with lysis
buffer. Alternatively, Myc-tagged proteins were immunoprecipitated using
polyclonal anti-Myc antibodies (Santa Cruz; A-14) and protein A Sepharose
beads (Zymed Laboratories, South San Francisco, CA). Precipitated proteins
were separated by SDS-PAGE, transferred to nitrocellulose membranes, and
immunoblotted with either a monoclonal anti-Myc antibody (Santa Cruz;
9E10), a monoclonal anti-FLAG antibody (Sigma; M2), a goat polyclonal
anti-CIITA antibody (Santa Cruz; N-20), a rat polyclonal anti-HDAC4 anti-
body (Santa Cruz), or a rat polyclonal anti-HDAC5 antibody (Upstate Bio-
technology, Lake Placid, NY). Proteins were visualized with a chemilumines-
cence system (Santa Cruz).

RT-PCR Analysis of HLA-DRA mRNA Transcripts
HeLa cells were cotransfected with expression plasmids encoding CIITA (10
ng) and HDAC4 or 5 (100 ng). Forty-eight hours later, RNA was prepared
from cells using Trizol reagent (Invitrogen) and 40 ng of total RNA was used
for real-time RT-PCR of HLA-DRA mRNA transcripts and 18S rRNA. Real-
time RT-PCR was performed using an ABI prism sequence detection system
according to the manufacturer’s instructions (Applied Biosystems, Foster
City, CA). A mixture of primers and probe for HLA-DRA and 18S RNA was
purchased from Applied Biosystems. HLA-DRA expression was normalized
to 18S values to control for differences in RNA loading. The relative value in
control HeLa cells without ectopic CIITA was assigned as 1. *p � 0.05 versus
CIITA alone.

RESULTS

Interaction between HDAC5 and ANKRA2 in Yeast
Class II HDACs 4, 5, 7, and 9 are bipartite, with an amino-
terminal region that contains a MEF2-binding motif, and a
carboxy-terminal catalytic domain (Figure 1A). The amino-
terminal extensions of class II HDACs also serve as docking
sites for the CtBP and HP1 corepressors and are subject to
phosphorylation on two serine residues, which creates dock-
ing sites for the 14-3-3 chaperone protein. The subcellular
distribution of class II HDACs is controlled by the opposing
actions of nuclear localization and nuclear export sequences
(McKinsey et al., 2002).

In an attempt to reveal novel functions of the amino-
terminal extension of class II HDACs, we performed yeast
two-hybrid screens using bait consisting of amino acids
1–664 of HDAC5 fused to the GAL4 DNA-binding domain
(Figure 1A). Five positives obtained from a mouse 17-d
embryo cDNA library encoded the GAL4 activation domain
fused in-frame to ANKRA2. The ANKRA2:GAL4-activation
domain fusion proteins interacted specifically with the
HDAC5 bait and not with the GAL4-DNA-binding domain
alone and did not stimulate reporter gene expression in the
absence of the HDAC5 bait.

Association of HDACs 4 and 5 with ANKRA2 in
Mammalian Cells
ANKRA2 contains an amino-terminal helix-loop domain
and four carboxy-terminal ankyrin repeats (Figure 1B). To
determine whether class II HDACs interact with ANKRA2
in mammalian cells, we used a modified two-hybrid system
with constructs encoding full-length ANRKA2 (amino acids
1–312) fused to the GAL4 DNA-binding domain and the
amino-terminal extension of HDAC5 (amino acids 1 - 664)
fused to the VP16 transcriptional activation domain. The
ability of ANKRA2 and HDAC5 to interact was assessed by
monitoring expression of a luciferase reporter gene under the
control of five GAL4 DNA-binding sites (5XUAS-luciferase).
As shown in Figure 1C, activity of the reporter gene was
unaffected by expression of either GAL4-ANKRA2 or
HDAC5-VP16. In contrast, reporter gene expression was
dramatically up-regulated upon coexpression of the two
constructs, indicating that ANKRA2 efficiently recruited the
HDAC5-tethered VP16 transcriptional activation domain to
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the gene promoter. Robust activation of the reporter gene
was also observed upon coexpression of HDAC5-VP16 with
an amino-terminal deletion mutant of ANKRA2 (amino ac-
ids 142–312), but not when coexpressed with a carboxy-
terminal deletion mutant of the protein (amino acids 5–141)
lacking the ankyrin repeats. These results suggest that
HDAC5 associates with the ankyrin repeats of ANKRA2.

Coimmunoprecipitation studies were performed to fur-
ther define the interaction between HDAC5 and ANKRA2.
293T cells were cotransfected with expression vectors encod-
ing full-length HDAC5 and either full-length ANKRA2 or
ANKRA2 deletion mutants. As shown in Figure 2, A and B,
the interaction between ANKRA2 and HDAC5 was readily
detected using this assay. HDAC5 interacted with ANKRA2
mutants lacking ankyrin repeats two through four, but not a
mutant deficient in all ankyrin repeats (Figure 2, B and C).
We conclude that a minimum of one ankyrin repeat in
ANKRA2 is required for association with HDAC5.

Indirect immunofluorescence studies were performed to
determine whether ANKRA2 and HDAC5 were capable of
associating in intact cells. ANKRA2 was distributed
throughout the cell in the absence of ectopically expressed

HDACs (Figure 3A, top panels). However, in cells overex-
pressing HDAC4 or HDAC5, ANKRA2 redistributed to the
nucleus, where it colocalized with these transcriptional re-
pressors. These results further suggest a biologically rele-
vant interaction between ANKRA2 and class II HDACs.

Signal Responsiveness of HDAC/ANKRA2 Complexes
One of the distinguishing characteristics of class II HDACs is
their ability to undergo phosphorylation-dependent nucleo-
cytoplasmic shuttling. To determine whether HDAC/
ANKRA2 complexes might be signal-responsive, we exam-
ined the effect of CaMK signaling on the subcellular
distribution of HDACs and ANKRA2. CaMKI has previ-
ously been shown to phosphorylate HDACs 4 and 5 and
thereby promote their nuclear export via a 14-3-3 and
CRM1-dependent mechanism (McKinsey et al., 2000a, 2000b;
Harrison et al., 2004). As shown in Figure 3A (bottom pan-
els), when HDACs and ANKRA2 were coexpressed, CaMKI
activation resulted in their redistribution from the nucleus to
the cytoplasm. In contrast, when the proteins were ex-
pressed separately, only HDACs displayed signal-depen-
dent nuclear export. Quantification of the effects of coex-
pressing HDAC5 and CaMKI on ANKRA2 subcellular
distribution is shown in Figure 3B.

To determine whether CaMK-dependent redistribution of
HDAC/ANKRA2 complexes was due to inhibition of nu-
clear import or stimulation of nuclear export, we used lep-
tomycin B (LMB), a fungal metabolite that suppresses the
CRM1 exportin activity. As shown in Figure 3C, LMB com-
pletely inhibited CaMKI-mediated nuclear export of
HDAC5/ANKRA2 complexes. These results suggest that
class II HDACs and ANKRA2 form stable complexes that

Figure 1. Association of HDAC5 with ANKRA2 in yeast and
mammalian cells. (A) Human HDAC5 is 1122 amino acids in length
and contains a MEF2-binding domain, nuclear localization, and
nuclear export sequences (NLS and NES, respectively) and a histone
deacetylase catalytic domain (HDAC). The amino-terminal half of
HDAC5 was used as bait in a yeast two-hybrid screen. (B) HDAC5
bait interacted with multiple clones of prey encoding ANKRA2.
ANKRA2 is a 312-amino acid protein that contains an amino-termi-
nal helix-loop domain and four carboxy-terminal ankyrin repeats
(I–IV). (C) A mammalian two-hybrid system was used to confirm
the interaction between HDAC5 and ANKRA2. COS cells were
transfected with a luciferase reporter gene driven by five GAL4
DNA-binding sites (UAS-Luciferase), and the indicated combinations
of vectors encoding amino acids 1–664 of HDAC5 fused to the VP16
transcriptional activation domain (HDAC5-VP16) and the GAL4
DNA-binding domain fused to either full-length ANKRA2
(ANKRA2), the amino-terminal half of ANRKA2 (5–141), or the
carboxy-terminal half of ANKRA2 (142–312). Increased luciferase
activity indicates that the GAL4-ANKRA2 construct recruited
HDAC5-VP16 to the promoter of the luciferase reporter.

Figure 2. Physical interaction between HDAC5 and ANKRA2. (A)
293T cells were cotransfected with expression vectors encoding
FLAG-tagged HDAC5 and Myc-ANKRA2. Cell extracts were im-
munoprecipitated (IP) with anti-FLAG antibodies and proteins in
the immune complexes were analyzed by Western blotting with the
indicated antibodies (Blot). Crude lysates were analyzed by Western
blotting to control for variability in protein expression (Input). (B)
293T cells were transfected with expression vectors encoding FLAG-
HDAC5 and several deletion mutants of Myc-ANKRA2 (shown in
C). Cell extracts were immunoprecipitated (IP) with anti-FLAG
antibodies and proteins were analyzed by Western blotting as de-
scribed above. (C) Shown are schematic depictions of the ANKRA2
deletion mutants used in B and a summary of the coimmunopre-
cipitation results.
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are subject to signal-dependent nuclear export via phos-
phorylation of HDAC residues.

Class II HDACs Associate with RFXANK
ANKRA2 has a paralogue gene product named RFXANK/
RFX-B/Tvl-1/ANKRA1 (Long and Boss, 2005). The ankyrin

repeat sequences of ANKRA2 are highly homologous to
those of RFXANK (Figure 4A). RFXANK is a subunit of the
RFX complex, a positive regulator of MHC II gene expres-
sion (Zika and Ting, 2005). Thus, we hypothesized that class
II HDACs may associate with RFXANK and regulate MHC
II gene expression. To begin to address this hypothesis, we
analyzed the expression of HDACs 4 and 5 in macrophages,
which are antigen-presenting cells that express MHC II. As
shown in Figure 4B, mRNA transcripts for HDACs 4 and 5
were readily detected in primary macrophages purified
from mouse bone marrow and peritoneum and in the mac-
rophage cell line J774 (Singh et al., 2005). These results sup-
port the notion that these class II HDACs participate in the
regulation of MHC II gene transcription.

Coimmunoprecipitation studies were performed to deter-
mine whether RFXANK is capable of interacting with class II
HDACs. As shown in Figures 5A, RFXANK was efficiently
coimmunoprecipitated with HDAC4 or HDAC5 from pro-
tein lysates derived from transiently transfected 293T cells in
which the relevant proteins were overexpressed. Identical
results were obtained when employing an immunoprecipi-
tating antibody directed against RFXANK (Figure 5B).

Confocal microscopic studies were performed to further
examine the interaction between HDAC5 and RFXANK.
RFXANK was distributed throughout the cell in the absence
of ectopic HDAC5 (Figure 5C). On coexpression of HDAC5,
RFXANK redistributed to the nucleus where it colocalized
with HDAC5.

To further define the HDAC-binding region of RFXANK,
coimmunoprecipitation studies were performed with full-
length HDAC4 or HDAC5 and a panel of RFXANK deletion
mutants. As shown in Figure 6A, HDAC4 and HDAC5 were
efficiently coimmunoprecipitated with RFXANK mutants
harboring ankyrin repeats. In contrast, a deletion mutant of
RFXANK lacking all ankyrin repeats failed to associate with

Figure 3. Colocalization of HDAC4 and 5 with ANKRA2. (A) COS
cells were transfected with an expression vector encoding Myc-
tagged ANKRA2 in the absence or presence of vectors for FLAG-
tagged HDAC5 or HDAC4. As indicated, some cells also received a
plasmid encoding constitutively active CaMKI. The subcellular lo-
calization of ANKRA2 and HDACs was determined by indirect
immunofluorescence (red, ANKRA2; green, HDAC4 or 5). (B) Ef-
fects of HDAC5 and CaMKI overexpression on ANKRA2 subcellu-
lar distribution were quantified by microscopic examination of
greater than 100 cells per condition. N, exclusive staining of
ANKRA2 in the nucleus; N�C, nuclear ANKRA2 staining greater
than cytoplasmic staining; C�N, cytoplasmic ANKRA2 staining
greater than or equal to nuclear staining; C, exclusive staining of
ANRKA2 in the cytoplasm. (C) COS cells were cotransfected with
expression vectors for ANKRA2 and HDAC5 in the absence or
presence of a plasmid encoding activated CaMKI. Forty-eight hours
after transfection, cells were exposed to leptomycin B (LMB; 10 nM)
for 2 h. The subcellular localization of ANKRA2 and HDAC5 was
determined by indirect immunofluorescence.

Figure 4. Expression of class II HDACs in macrophages. (A) The
carboxy-terminal ankyrin repeats of ANKRA2 are highly homolo-
gous to those of RFXANK. Shown is the percentage of amino acid
identity between the four ankyrin repeats of each protein. The
amino-termini of ANRKA2 and RFXANK are distinct, with
ANKRA2 containing a helix-loop domain and RFXANK, a proline-
rich PEST domain. (B) RT-PCR for HDAC4 and HDAC5 mRNA
transcripts was performed using total RNA extracted from mouse
primary macrophages obtained from peritoneal or bone marrow or
the J774 macrophage cell line. cDNAs synthesized from total RNA
obtained from brain or heart of HDAC4- or HDAC5-null mice,
respectively, was used to control for PCR primer specificity.
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either HDAC4 or HDAC5. Identical results were obtained
when immunoprecipitating antibodies were directed against
HDAC (Figure 6B). These results are summarized in Figure 6C.

Functional Interaction between Class II HDACs and
RFXANK
Promoter-reporter assays were performed to assess the func-
tional significance of the interaction between class II HDACs
and RFXANK. RFXANK stimulates MHC II gene transcrip-
tion by coordinating the formation of a transcriptional com-
plex containing CIITA (Zhu et al., 2000). CIITA possesses

HAT activity and potently stimulates MHC II gene expres-
sion. We hypothesized that class II HDACs might repress
MHC II promoter activity via interaction with RFXANK. To
test this hypothesis, COS cells were cotransfected with a
luciferase reporter under the control of the promoter from an
MHC II gene, HLA-DRA (DRA-luc), in the absence or pres-
ence of vectors for CIITA, RFXANK, and HDAC4 or
HDAC5. As shown in Figure 7A, expression of CIITA stim-
ulated HLA-DRA promoter activity, and coexpression with
RFXANK enhanced promoter activation. HDAC4 and
HDAC5 repressed activation of the HLA-DRA promoter.

We next determined whether class II HDACs are capable
of suppressing endogenous HLA-DRA gene expression. Ec-
topic overexpression of CIITA stimulated HLA-DRA expres-
sion, as measured by quantitative RT-PCR analysis (Figure
7B). Coexpression of either HDAC4 or HDAC5 with CIITA
significantly reduced the levels of endogenous HLA-DRA
mRNA transcripts. Immunoblot analysis confirmed that

Figure 5. Interaction of RFXANK with HDAC4 and HDAC5 in
mammalian cells. (A) 293T cells were cotransfected with expression
vectors encoding FLAG-tagged HDAC5 and Myc-RFXANK. Cell
extracts were immunoprecipitated (IP) with anti-FLAG antibodies
and proteins in the immune complexes were analyzed by Western
blotting with the indicated antibodies (Blot). Crude lysates were
analyzed by Western blotting to control for variability in protein
expression (Input). (B) 293T cells were transfected and protein ly-
sates prepared as described in A. IP was performed with anti-Myc
antibody and proteins in immune complexes were analyzed by
Western blotting as described above. (C) Colocalization of HDAC5
with RFXANK. COS cells were transfected with expression vectors
encoding either FLAG-tagged HDAC5 or Myc-tagged RFXANK.
Some cells were cotransfected with these vectors (RFXANK �
HDAC5). The subcellular localization of RFXANK and HDAC5 was
determined by indirect immunofluorescence. Proteins were visual-
ized with a confocal microscope and digital images captured (red,
RFXANK; green, HDAC5; yellow, colocalized RFXANK and
HDAC5).

Figure 6. HDAC4 and HDAC5 bind to the ankyrin repeats of
RFXANK. (A) 293T cells were cotransfected with expression vectors
encoding FLAG-tagged HDAC4 or HDAC5 and Myc-tagged RFX-
ANK. Cell extracts were immunoprecipitated (IP) with anti-Myc
antibody and proteins in immune complexes were analyzed by
Western blotting with the indicated antibodies (Blot). Crude lysates
were analyzed by Western blotting to control for variability in
protein expression (Input). (B) 293T cells were transfected and pro-
tein lysates prepared as described in A. IP was performed with
anti-FLAG antibody and proteins in immune complexes were ana-
lyzed by Western blotting as described above. (C) Shown are sche-
matic depictions of the RFXANK deletion mutants used in A and B
and a summary of the coimmunoprecipitation results.
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HDACs did not reduce CIITA protein levels (Figure 7C),
supporting the notion that HDACs 4 and 5 directly suppress
MHC II gene expression.

Because CIITA is known to associate with the ankyrin
repeat region of RFXANK, experiments were performed to
determine whether HDACs repress CIITA-mediated tran-
scriptional activation by interfering with the interaction of
CIITA with RFXANK. As shown in Figure 7D, we found no
evidence for disruption of RFXANK/CIITA interactions by
HDAC4 or HDAC5, suggesting that HDACs form a ternary
complex with RFXANK and CIITA. Indeed, CIITA and RFX-
ANK were immunoprecipitated with HDAC4 (Figure 7E). In
addition, we found that HDAC4 can interact with CIITA in
the absence of RFXANK (Figure 7, E and F). These data
demonstrate that class II HDACs interact with both RFX-
ANK and CIITA to form complexes that regulate MHC II
transcription.

Signal Responsiveness of HDAC/RFXANK Complexes
We next tested whether CaMK signaling stimulates nuclear
export of HDAC/RFXANK complexes. As shown in Figure

8A, top panels, RFXANK colocalized with HDAC4 and
HDAC5 in the nuclei of unstimulated cells. In response to
activated CaMK, both HDAC and RFXANK were relocal-
ized to the cytoplasm (Figure 8A, bottom panels). CaMK-
mediated redistribution of RFXANK to the cytoplasm was
dependent on coexpression of class II HDACs. The effects of
coexpression of HDAC5 and CaMKI on RFXANK subcellu-
lar distribution were quantified and are summarized in Fig-
ure 8B. As seen with ANKRA2 (Figure 3), CaMKI-mediated
redistribution of RFXANK from the nucleus to the cyto-
plasm was dependent on CRM1 exportin activity (Figure
8C). These results suggest that CRM1 triggers nuclear export
of RFXANK via phosphorylation of associated class II
HDACs.

DISCUSSION

ANKRA2 and RFXANK Are Novel Partners of Class II
HDACs
In this study, we found that ANKRA2, a protein containing
four ankyrin repeats, interacts with class II HDACs.

Figure 7. HDAC4 and HDAC5 repress CI-
ITA-inducible HLA-DRA promoter activity.
(A) COS cells were transfected with a lucif-
erase reporter controlled by the HLA-DRA
promoter in the absence or presence of vec-
tors for RFXANK (100 ng), CIITA (5 ng), or
HDAC4 or HDAC5 (10 or 100 ng), as indi-
cated. Cells were harvested for luciferase as-
say 48 h after transfection. (B) HeLa cells
were transfected with expression plasmid en-
coding CIITA (10 ng) in the absence or pres-
ence of vectors for HDAC4 or HDAC5 (100
ng). Forty-eight hours later, RNA was pre-
pared from the cells and HLA-DRA mRNA
transcripts were detected by real-time RT-
PCR. Values were normalized to those for 18S
rRNA. (C) Hela cells were transfected as de-
scribed in B. Protein lysates were analyzed by
immunoblotting with anti-FLAG antibody to
assess effects of HDAC overexpression on
FLAG-CIITA levels. (D) 293T cells were
transfected with the indicated combinations
of expression vectors encoding CIITA, Myc-
tagged RFXANK and FLAG-tagged HDAC4
or HDAC5. Cell extracts were immunopre-
cipitated (IP) with anti-Myc antibody and
proteins in immune complexes were ana-
lyzed by Western blotting (Blot) with the in-
dicated antibodies. Crude lysates were ana-
lyzed by Western blotting to control for
variability in protein expression (Input). (E)
293T cells were transfected with expression
vectors encoding FLAG-CIITA, FLAG-RFX-
ANK, or myc-HDAC4 (1 �g each), as indi-
cated. Cell extracts were immunoprecipitated
with anti-Myc antibody and proteins were
analyzed by immunoblotting with anti-FLAG
antibody. (F) 293T cells were transfected with
expression vectors encoding either FLAG-CI-
ITA or Myc-HDAC4 (1 �g each), as indicated.
Cell extracts were immunoprecipitated with
anti-FLAG antibody and proteins were ana-
lyzed by immunoblotting with anti-Myc an-
tibody.
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ANKRA2 was originally identified as an interacting protein
of megalin (Rader et al., 2000), a member of the low-density
lipoprotein receptor superfamily, and recently has been
shown to interact with the BKCa channel (Lim and Park,
2005). However, its role in the nucleus, where class II
HDACs exert their effects on gene expression, is unknown.

Our results show that ANKRA2 displays a diffuse in-
tracellular distribution in the absence of HDACs, but
becomes localized to the nucleus in the presence of class II
HDACs. Moreover, in response to CaMK signaling,
ANKRA2 is redistributed from the nucleus to the cyto-
plasm in association with class II HDACs. The effects of
CaMK signaling on ANKRA2 localization are mediated
indirectly through phosphorylation of class II HDACs,
which triggers their nuclear export via a CRM1- and
14-3-3-dependent mechanism (McKinsey et al., 2000b).
Thus, ANKRA2 may function as a subunit of a signal-
responsive complex in the nucleus of cells expressing
class II HDACs, or class II HDACs may regulate the
cytoplasmic activity of ANKRA2 in response to extracel-
lular cues that stimulate CaMK activity.

In contrast to ANKRA2, its paralogue, RFXANK, is well
known as a subunit of the RFX complex, which binds to
the promoters of MHC II genes and stimulates their ex-
pression through recruitment of the CIITA transcriptional
coactivator (Zika and Ting, 2005). Because the ankyrin
repeats of ANKRA2, which interact with class II HDACs,
are highly conserved in RFXANK (Long and Boss, 2005),
we then examined whether HDACs can interact with
RFXANK. Coimmunoprecipitation and immunocyto-
chemistry studies showed that HDAC4 and HDAC5 in-
teract with RFXANK. Our demonstration that RFXANK
acts as a partner of class II HDACs suggests that this
ankyrin-repeat protein functions as an adaptor to link
class II HDACs to downstream transcriptional effectors
that control expression of antigen-presenting MHC II mol-
ecules (Figure 9).

Ankyrin repeats are 33 amino acids in length and are
found in a plethora of proteins with diverse biological
functions. Of note, significant amino acid divergence
among ankyrin repeats does exist (Mosavi et al., 2004),
and homology searches indicate that the ankyrin repeats

Figure 8. Nuclear export of class II HDAC/RFX-
ANK complexes. (A) COS cells were transfected
with an expression vector encoding Myc-tagged
RFXANK in the absence or presence of vectors for
FLAG-tagged HDAC5 or HDAC4. As indicated,
some cells also received a plasmid encoding con-
stitutively active CaMKI. The subcellular localiza-
tion of RFXANK and HDACs was determined by
indirect immunofluorescence (red, RFXANK;
green, HDAC4 or HDAC5). (B) Effects of HDAC5
and CaMKI overexpression on RFXANK subcellu-
lar distribution were quantified by microscopic ex-
amination of greater than 100 cells per condition.
N, exclusive staining of RFXANK in the nucleus;
N�C, nuclear RFXANK staining greater than cy-
toplasmic staining; C�N, cytoplasmic RFXANK
staining greater than or equal to nuclear staining;
C, exclusive staining of RFXANK in the cytoplasm.
(C) COS cells were cotransfected with expression
vectors for RFXANK and HDAC5 in the absence or
presence of a plasmid encoding activated CaMKI.
Forty-eight hours after transfection, cells were ex-
posed to leptomycin B (LMB; 10 nM) for 2 h. The
subcellular localization of RFXANK and HDAC5
was determined by indirect immunofluorescence.
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of ANKRA2 and RFXANK are only disparately related to
those of other proteins (unpublished data). Thus, we pro-
pose that the interaction of class II HDACs with ANKRA2
and RFXANK is specific and does not represent a general
affinity of these transcriptional regulators for ankyrin re-
peats.

Class II HDACs Repress the HLA-DRA Promoter through
Interaction with RFXANK
RFXANK interacts with RFA-5, RFXAP to form the RFX
complex (Burd et al., 2004). RFX, CREB, and NF-Y bind to
X1, X2, and Y boxes in the promoter of MHC II genes,
respectively, and thereby influence transcription of those
genes. These three factors are ubiquitously expressed in
all cell types. However, they are insufficient for MHC II
gene expression. A transcriptional activator, CIITA,
whose expression is regulated in a cell-type and develop-
mental stage-specific manner, and also by cytokine stim-
ulation, is required for MHC II gene activation (Zhu et al.,
2000). In this study, we showed that HDAC4 and HDAC5
are expressed in macrophages, which are major MHC
II-expressing cells, and that these HDACs repress CIITA-
mediated HLA-DRA promoter activation and endogenous
HLA-DRA gene expression by forming a complex with
RFXANK and CIITA. These results suggest that class II
HDACs regulate MHC II gene expression in antigen-pre-
senting cells.

Of note, class I HDACs have also been shown to influence
MHC II gene expression (Zika et al., 2003). Specifically,
HDACs 1 and 2 were found to inhibit CIITA-mediated ac-
tivation of the HLA-DRA promoter by disrupting CIITA
association with the RFX complex. Thus, it is possible that
full repression of MHC II gene expression relies on the
coordinate action of both class I and class II HDACs. In this
regard, prior studies have established a critical role for class
I HDACs in the mechanism by which class II HDACs re-
press gene expression (Fischle et al., 2002).

A Potential Mechanism for Signal-dependent
De-repression of Gene Expression
The results of this study demonstrate that CaMK signaling
stimulates nuclear export of RFXANK/HDAC complexes.
On the basis of the sensitivity of this process to LMB, we
conclude that the CRM1 nuclear export receptor is a critical
component of the export process. The coexport of RFXANK
and HDAC5 in response to CaMK signaling indicates that
that this protein-protein complex remains intact and that
nuclear export is mediated by sequences in HDAC5, because
RFXANK alone is insensitive to CaMK signaling.

The docking site for RFXANK on HDAC4 and HDAC5 is
located within the amino-terminal extensions of these pro-
teins. We and others have shown that signal-dependent
nuclear export of HDAC4 and HDAC5 requires phosphor-
ylation of two serine residues in these amino-terminal ex-
tensions, which creates binding sites for 14-3-3 chaperone
proteins (Grozinger and Schreiber, 2000; McKinsey et al.,
2000b; Wang et al., 2000). Binding of 14-3-3 to class II HDACs
exposes a cryptic carboxy-terminal nuclear export sequence
(NES), which is targeted by CRM1. Although the signal-
responsive serines are contained in the RFXANK-binding
domains of HDAC4 and HDAC5, they must be accessible to
CaMK and to 14-3-3, because RFXANK complexed with a
mutant form of HDAC5 lacking these sites is refractory to
nuclear export (unpublished data). Because RFXANK is es-
sential for CIITA recruitment to MHC II promoters, our
model predicts that a pool of RFXANK is free from associ-
ation with class II HDACs and thereby remains in the nu-
cleus in the face of signals that stimulate nuclear export of
HDAC5 (Figure 9).

Signal-dependent nuclear export of HDAC/RFXANK
complexes could have implications for overriding the re-
pressive influence of class II HDACs on MHC II gene
promoters (Figure 9). This mechanism for derepression is
predicted to be operative under conditions in which in-
tracellular calcium levels have been elevated, which
would result in CaMK activation. In addition, we have
previously shown that class II HDACs 4, 5, and 7 are
subject to nuclear export in response to signaling via
protein kinase C and protein kinase D (Vega et al., 2004b;
Chang et al., 2005; Parra et al., 2005). Thus, stimuli that
lead to activation of these kinases may also influence
MHC II expression via nuclear export of HDAC/RFX-
ANK complexes.

While this work was in preparation, we became aware
of a related manuscript by Wang et al. that is in press
(Wang et al., 2005). These investigators also found that
class II HDACs associate with RFXANK and ANKRA2.
Our results further validate a role for these interactions
and define a novel means of regulating HDAC/ankyrin
repeat-containing protein complexes via a calcium-depen-
dent signaling pathway.

CONCLUSIONS

Although we have shown that the association of class II
HDACs with RFXANK modulates a well-characterized mac-
rophage-specific gene promoter, the expression of class II
HDACs and RFXANK in a wide range of cells suggests that

Figure 9. A model for regulation of MHC class II gene expression by class II HDACs. RFXANK stimulates MHC II gene expression through
recruitment of the CIITA coactivator to the HLA-DRA promoter. Association of RFXANK with class II HDACs 4 or 5 results in repression
of HLA-DRA promoter activity, presumably via deacetylation of local histones. CaMK, and possibly other kinases, phosphorylate class II
HDACs and trigger CRM1-dependent nuclear export of HDAC/RFXANK complexes. Signal-dependent nuclear export of HDAC/RFXANK
complexes may contribute to derepression of the HLA-DRA promoter in response to extracellular stimuli.

Association of RFXANK with Class II HDACs

Vol. 17, January 2006 445



this regulatory interaction may have important conse-
quences in other cell types. Expression of most class II
HDACs is enriched in heart, skeletal muscle, and brain.
Thus, HDAC4 and HDAC5 may also contribute to the
tissue-specific regulation of MHC II expression in those
cells under some circumstances. It should be noted that
changes in CIITA expression and activity are associated
with reduced survival of cardiac allografts and increased
susceptibility to myocardial infarction due to altered lym-
phocyte responses (Brickey et al., 2002; Swanberg et al.,
2005). Thus, class II HDACs may play a role in the regu-
lation of these processes via RFXANK/CIITA. In addition,
it remains possible that RFXANK regulates genes other
than MHC II and that its interaction with class II HDACs
will influence these other targets. Further evaluation of
the role of class II HDAC/RFXANK interactions should
provide novel insights into the mechanisms of transcrip-
tional regulation by RFXANK. In addition, the ability of
class II HDACs to interact with ANKRA2 may have im-
plications for as-yet-undefined functions of this ankyrin-
repeat protein on receptor-mediated signaling events
and/or gene regulation.
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