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mi-er1 (previously called er1) was first isolated from Xenopus laevis embryonic cells as a novel fibroblast
growth factor-regulated immediate-early gene. Xmi-er1 was shown to encode a nuclear protein with an N-
terminal acidic transcription activation domain. The human orthologue of mi-er1 (hmi-er1) displays 91%
similarity to the Xenopus sequence at the amino acid level and was shown to be upregulated in breast carcinoma
cell lines and tumors. Alternative splicing at the 3� end of hmi-er1 produces two major isoforms, hMI-ER1� and
hMI-ER1�, which contain distinct C-terminal domains. In this study, we investigated the role of hMI-ER1�
and hMI-ER1� in the regulation of transcription. Using fusion proteins of hMI-ER1� or hMI-ER1� tethered
to the GAL4 DNA binding domain, we show that both isoforms, when recruited to the G5tkCAT minimal
promoter, function to repress transcription. We demonstrate that this repressor activity is due to interaction
and recruitment of a trichostatin A-sensitive histone deacetylase 1 (HDAC1). Furthermore, deletion analysis
revealed that recruitment of HDAC1 to hMI-ER1� and hMI-ER1� occurs through their common ELM2
domain. The ELM2 domain was first described in the Caenorhabditis elegans Egl-27 protein and is present in
a number of SANT domain-containing transcription factors. This is the first report of a function for the ELM2
domain, highlighting its role in the regulation of transcription.

mi-er1 (mesoderm induction early response 1), previously
called er1, was first isolated as a novel fibroblast growth factor-
regulated immediate-early gene from Xenopus embryonic cells
induced to differentiate into mesoderm (22). Xmi-er1 encodes
a nuclear protein that contains an N-terminal acidic domain
with potent transcriptional activation activity (22).

The human orthologue of mi-er1 (hmi-er1) displays 91%
similarity to the Xenopus sequence at the amino acid level (23)
and has been shown to undergo tissue-specific alternative splic-
ing to produce six protein isoforms that differ in their amino
and carboxyl termini (24). The hmi-er1 isoform expression
pattern is complex, but overall, expression of hmi-er1 isoforms
is very low or undetectable in healthy adult tissues (23, 24).
Human breast carcinoma cell lines and breast tumors, on the
other hand, displayed elevated levels of hmi-er1 (23).

Alternate use of a facultative intron at the 3� end of hmi-er1
produces two major isoforms, hMI-ER1� and hMI-ER1�,
which contain distinct C-terminal domains (24). The � C ter-
minus consists of 23 amino acids (aa) and includes the se-
quence LXXLL, a motif important for interaction with nuclear
hormone receptors (15). This motif also bears some similarity
to the Sin3A interaction domain of the MAD family of tran-
scriptional repressors (4). The � C terminus contains 102 aa
and includes the functional nuclear localization signal (NLS)
(24, 25). The divergent amino acid sequences of the � and � C
termini suggest that the two serve distinct functions.

Structurally, hMI-ER1 isoforms share a number of features
with other transcriptional regulators. The common internal
hMI-ER1 sequence contains the previously characterized acid
activation domain (22), an ELM2 domain, and a signature
SANT domain. The latter was first identified in the transcrip-
tion factors SWI3, ADA2, N-CoR, and TFIIIB, from which the
acronym “SANT” is derived (1). Other SANT domain-contain-
ing proteins include transcriptional regulatory molecules in-
volved in nuclear hormone activity, such as N-CoR (1) and
SMRT (21); molecules that are components of transcription-
and chromatin-regulatory complexes, such as MTA-1 (33) and
MTA-2 (37); and molecules that are important for regulating
developmental events, such as Egl-27 (29) and CoREST (40).
The SANT domain has been implicated in DNA binding as
well as in protein-protein interactions (1), including interac-
tions with complexes containing histone deacetylase (HDAC)
(14, 40) and histone acetyltransferase (HAT) (30); however,
the precise function(s) of the SANT domain in individual pro-
teins remains to be determined. The ELM2 (EGL-27 and
MTA1 homology) domain was first described in Egl-27, a Cae-
norhabditis elegans protein that plays a fundamental role in
patterning during embryonic development (29). Interestingly,
most ELM2 domain-containing proteins also possess a SANT
domain, implying a structural and/or functional relationship
between these two motifs. The ELM2 domain is conserved
throughout evolution, but to date no function has been as-
cribed to this motif.

Given the potential role of hMI-ER1 as a novel transcription
factor and its association with the neoplastic state, we investi-
gated the role of the hMI-ER1� and hMI-ER1� isoforms in
transcriptional regulation. In this paper, we demonstrate that
both isoforms function as transcriptional repressors and that
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this repression involves recruitment of HDAC1 activity to the
common ELM2 domain. This is the first report to characterize
the function of the hMI-ER1 protein and to define a role for
the ELM2 domain.

MATERIALS AND METHODS

Cells. HeLa cervical carcinoma, C33A cervical carcinoma, HEK 293 human
embryonic kidney, and NIH 3T3 fibroblast cell lines were obtained from the
American Type Culture Collection and cultured as described previously (22).

Plasmids and constructs. The plasmids used in this study include the
G5tkCAT reporter plasmid (a kind gift from Diane Hayward, Johns Hopkins
School of Medicine), which contains chloramphenicol acetyltransferase (CAT)
linked to five GAL4 DNA binding sites and the herpes simplex virus minimal
thymidine kinase (tk) promoter (16, 32, 38); the pM plasmid (Clontech), which
contains the GAL4 DNA binding domain (DBD) and an NLS; CS3�MT, con-
taining the Myc epitope tag (a kind gift from David Turner, University of
Michigan); the pGBKT7 plasmid (Clontech), containing the Myc epitope tag;
HA-Hdac3 (a kind gift from Mark Featherstone, McGill University); and a
luciferase T7 control plasmid encoding full-length luciferase protein (Promega).

Expression vectors were engineered to contain full-length or deletion mutants
of hMI-ER1� or hMI-ER1� fused to the GAL4 DBD of the pM plasmid or to
the Myc epitope tag of the CS3�MT plasmid. Specific primers incorporating 5�
and 3� BamHI sites were used to amplify the entire coding sequence of either
hMI-ER1� or hMI-ER1�, and the digested PCR fragments were inserted into
the BglII site of either the pM or the CS3�MT plasmid. Fragments encoding the
appropriate amino acid residues of hMI-ER1� or � deletion mutants were
amplified by PCR using the primer pairs listed in Table 1. PCR products were
cloned into pCR3.1 using the TA cloning kit (Invitrogen, Inc.), and EcoRI
fragments were then inserted into the complementary sites of the pM or
pGBKT7 plasmid. The deletion constructs were named according to the encoded
amino acid residues of the hMI-ER1� or � protein. The GAL4–hMI-ER1(163-
283) 213W3A and GAL4–hMI-ER1(163-283) 226FL3AA mutant constructs
were generated by site-directed mutagenesis using two complementary primers
(Oligos, Etc.) designed to contain the mutation and a QuikChange site-directed
mutagenesis kit (Stratagene Inc.). All plasmids were sequenced to verify the
junctions and the hMI-ER1 sequence.

Full-length human hdac1 cDNA was amplified by PCR from a testis library by
using 5�-ACGGGAGGCGAGCAAGATGGCG-3� and 5�-TCAGGCCAACTT
GACCTCCTCCTTGAC-3� as forward and reverse primers, respectively, and
then cloned into pCR3.1 as described above.

Transfection and CAT assays. All transfections were performed in duplicate in
six-well plates with the indicated amount of plasmid DNA as previously de-
scribed (22). A total of 1.5 � 105 cells/well was seeded 18 h prior to transfection,
and cells were harvested after 48 h in culture. For trichostatin A (TSA) treat-
ment, the medium was replaced 24 h after transfection with fresh medium with
or without the indicated concentration of TSA, and the cells were cultured for an
additional 24 h. Cell lysates were prepared and assayed for CAT protein by using
a CAT enzyme-linked immunosorbent assay kit (Boehringer Mannheim) as
described previously (22). The amount of CAT protein expressed in each sample
was determined using a CAT standard curve supplied by the manufacturer, and
this value was normalized to the amount of cellular protein in each sample.

Co-IP and Western blot analysis. In vitro coupled transcription-translation
reactions (TNTs; Promega) were performed as described previously (26). For in
vitro coimmunoprecipitation (co-IP) assays, 10 �l each of 35S-labeled and unla-
beled TNT mixtures programmed with the appropriate cDNAs were combined
and incubated for 3 h at 4°C. Immunoprecipitation was performed as described
previously (26) with either an anti-HDAC1 antibody (Santa Cruz Biotechnology,
Inc.) or the anti-Myc monoclonal antibody 9E10 (a kind gift from K. Kao,
Memorial University). For the input lanes, 0.5 �l of the indicated TNT mixture
was used. All samples were analyzed by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) followed by autoradiography.

For in vivo co-IP assays, either nontransfected HeLa cells or cells transfected
with pCS3�MT, pCS3�MT-hmi-er1�, or pCS3�MT-hmi-er1� were used. Cells
were lysed, and the insoluble material was removed by centrifugation at 12,000
� g for 10 min. For input lanes, one-third of the volume of the soluble fraction
was used. Supernatants were subjected to immunoprecipitation with either an
anti-hMI-ER1 antibody produced in our laboratory (24) or anti-HDAC1. West-
ern blot analysis was performed as described previously (26) with anti-Myc or
anti-HDAC1.

HDAC assays. The [3H]acetate-labeled histone substrate for the HDAC en-
zyme assays was prepared from HeLa cells labeled with [3H]acetate in the
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presence of 300 nM TSA as described previously (39). For each sample, 1.5 � 105

HeLa cells were transfected with the appropriate construct, and after 48 h, the
cells were lysed as described previously (17) and insoluble material was removed
by centrifugation at 12,000 � g for 10 min. Supernatants were subjected to
immunoprecipitation using anti-GAL4 (Upstate Biotechnology, Inc.), anti-Myc,
or anti-HDAC1 antibody, and the immunoprecipitates were analyzed for HDAC
activity as described previously (17) with 5,000 cpm of [3H]acetate-labeled his-
tone substrate. Western blot analysis was performed as described above with
anti-GAL4.

RESULTS

hMI-ER1� and hMI-ER1� isoforms act as transcriptional
repressors. A previous study showed that XMI-ER1 is a nu-
clear protein and that the N-terminal acidic domain could
function as a transcriptional activator (22). In this study, we set
out to investigate the transcriptional regulatory activity of the
hMI-ER1� and � isoforms by using the G5tkCAT reporter
plasmid. This plasmid contains CAT linked to five GAL4 DNA
binding sites along with the herpes simplex virus minimal tk
promoter (16, 32, 38) to provide a constitutive level of CAT
expression; thus, both activation and repression can be mea-
sured. HeLa cells were transfected with the reporter plasmid
along with a plasmid expressing the GAL4 DBD alone or fused

to hMI-ER1� (GAL4-�) or hMI-ER1� (GAL4-�). Transcrip-
tional regulation was analyzed by determining the ability of
such fusions to alter the level of CAT expression. Both hMI-
ER1� and � significantly repressed transcription of G5tkCAT
in a dose-dependent manner (P � 0.05) (Fig. 1A). This repres-
sion was not unique to HeLa cells, as similar results were also
obtained with C33A cervical carcinoma cells, NIH 3T3 mouse
fibroblasts, and HEK 293 human embryonic kidney cells (Fig.
1B).

hMI-ER1� and hMI-ER1� repress transcription through a
HDAC-dependent mechanism. Recent studies have shown that
transcriptional repression is often associated with recruitment
of HDAC and/or chromatin-regulatory complexes containing
HDAC activity (reviewed in reference 3). To test whether
hMI-ER1� and � repress transcription through such a mech-
anism, we treated HeLa cells with TSA, a specific inhibitor of
class I and class II HDACs (39), and examined the effect on
hMI-ER1�- and �-mediated repression. Addition of TSA to
the culture medium partially relieved repression of the tk pro-
moter (Fig. 2A), suggesting that transcriptional repression by
hMI-ER1� and � involves recruitment of HDAC activity.

To further investigate the nature of the TSA-sensitive re-

FIG. 1. Human MI-ER1� and MI-ER1� function as transcriptional repressors in vivo. Cells were transfected with the G5tkCAT reporter
plasmid alone or with the pM plasmid containing an NLS and the GAL4 DBD (GAL4) alone or fused to hmi-er1� (GAL4-�) or hmi-er1�
(GAL4-�); the amount of plasmid (in micrograms) used for transfection is indicated below each bar. Cells were harvested 48 h after transfection,
and the amount of CAT protein (in nanograms per 100 �g of cellular protein) was determined as described in Materials and Methods. Expression
values for all constructs were normalized to the CAT expression level obtained with G5tkCAT alone (relative CAT expression). Shown are the
average values and standard deviations from at least three independent experiments. (A) Relative CAT expression in HeLa cells transfected with
increasing amounts of GAL4-� or GAL4-� plasmid; in each case, the amount of GAL4 empty vector was adjusted so that the total amount of DNA
used in each transfection was constant. The amount of GAL4-� or GAL4-� protein expressed in each sample was determined by Western blotting
using an anti-GAL4 antibody. A representative blot is shown. (B) Relative CAT expression in C33A, HEK 293 (293K), and NIH 3T3 cells
transfected with the G5tkCAT reporter plasmid alone or cotransfected with the indicated GAL4 construct. Shown are the average values and
standard deviations from three independent experiments.
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pression, we utilized co-IP analysis to examine the ability of
hMI-ER1� and � to physically associate with HDACs both in
vitro and in vivo. We began our investigation with HDAC1.
Myc-tagged hMI-ER1� (Myc-�) and hMI-ER1� (Myc-�) were
synthesized in vitro and mixed with in vitro-translated HDAC1
and then subjected to immunoprecipitation with anti-HDAC1;
both hMI-ER1� and hMI-ER1� were detected in HDAC1
immunoprecipitates, while luciferase, a control protein, was
not (Fig. 2B). Reciprocal experiments using anti-Myc for im-
munoprecipitation confirmed that HDAC1 could associate
with either hMI-ER1 isoform (Fig. 2C). Similar experiments
were performed with HDAC3 but failed to reveal an interac-
tion with hMI-ER1� or hMI-ER1� (data not shown).

In vivo analysis involved transient expression of the Myc tag
empty vector, Myc-�, or Myc-� in HeLa cells. Cell extracts
were subjected to immunoprecipitation with anti-HDAC1, fol-
lowed by Western blotting with anti-Myc. As shown in Fig. 3A,
both hMI-ER1� and � isoforms coimmunoprecipitated with
endogenous HDAC1. Next, we tested whether HDAC activity
was recovered in hMI-ER1� and � immunoprecipitates. Cell
extracts from HeLa cells transfected with the Myc tag empty
vector, Myc-�, or Myc-� were incubated with anti-Myc, and the
immunoprecipitates were assayed for HDAC activity. Positive
and negative controls consisted of extracts from mock-trans-
fected cells immunoprecipitated with anti-HDAC1 and anti-
Myc, respectively. As shown in Fig. 3B, both Myc-� and Myc-�
immunoprecipitates contained significant levels of HDAC ac-
tivity and this activity was inhibited by TSA. On the other hand,
control samples from mock-transfected cells or cells trans-

fected with the Myc tag empty vector did not contain signifi-
cant HDAC activity.

The next set of experiments was designed to investigate
whether endogenous complexes containing hMI-ER1 and
HDAC1 exist in the cell and thus to rule out the possibility that
the observed interaction was an artifact of overexpression.
Co-IP analysis of extracts from nontransfected HeLa cells was
performed using hMI-ER1�-specific, hMI-ER1�-specific, or
pan-hMI-ER1 antibodies. As shown in Fig. 3C, HDAC1 pro-
tein was detected in all hMI-ER1 immunoprecipitates but not
in the control.

Taken together, these results demonstrate that hMI-ER1�
and hMI-ER1� isoforms are physically associated in vivo with
a functional HDAC1 protein.

hMI-ER1� and � recruit HDAC activity through a region
containing the ELM2 domain. To determine which region of
hMI-ER1 protein was responsible for recruitment of HDAC
activity, a series of GAL4 DBD–hMI-ER1� and GAL4 DBD–
hMI-ER1� deletion mutants were constructed and transiently
expressed in HeLa cells. Expression of all constructs was con-
firmed by Western blotting (Fig. 4B), and anti-GAL4 immu-
noprecipitates were tested for HDAC activity in the presence
or absence of TSA (Fig. 4A). This deletion analysis revealed
that a single 120-aa region common to both hMI-ER1� and �
was sufficient for recruitment of HDAC activity. This region is
located between aa 163 and 283 and contains the conserved
ELM2 domain of hMI-ER1.

The ELM2 domain functions as a transcriptional repression

FIG. 2. Repression by hMI-ER1� and hMI-ER1� occurs through a HDAC-dependent mechanism. (A) HeLa cells were cotransfected with 0.8
�g of the G5tkCAT reporter plasmid and 0.8 �g of the GAL4, GAL4-�, or GAL4-� plasmid and cultured in the presence or absence of TSA. Cells
were harvested 48 h after transfection, and the amount of CAT protein (in nanograms per 100 �g of cellular protein) was determined as described
in Materials and Methods. The values for GAL4-�- and GAL4-�-transfected cells are presented as a proportion of the value obtained with the
GAL4 empty vector (relative CAT expression). Shown are the average values and standard deviations from three independent experiments.
(B) 35S-labeled TNT mixtures programmed with cDNA encoding luciferase (Luc), Myc-� (�), or Myc-� (�) were loaded directly on the gel (lanes
1 to 3) or incubated with unlabeled TNT mixtures programmed with hdac1 cDNA and subjected to immunoprecipitation (IP) with anti-HDAC1
(lanes 4 to 6) as described in Materials and Methods. Proteins were visualized by SDS-PAGE and autoradiography. (C) 35S-labeled TNT mixtures
programmed with cDNA encoding luciferase or HDAC1 were loaded directly on the gel (lanes 1 and 2) or incubated with unlabeled TNT mixtures
programmed with cDNA encoding Myc-� (lanes 3 and 4) or Myc-� (lanes 5 and 6) and subjected to IP with anti-Myc; proteins were visualized
as described for panel B. In panels B and C, the positions of luciferase, HDAC1, Myc-�, and Myc-� proteins are indicated.
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domain through recruitment of HDAC1. Further analysis of
the region containing residues 163 to 283 was performed to
determine the minimum sequence required for recruitment of
HDAC1 and to determine whether this region was important
for the transcriptional repression activity of hMI-ER1. We
constructed a series of GAL4–hMI-ER1(163-283) deletion
mutants and employed a site-directed mutagenesis approach to
specifically examine the role of the ELM2 domain. For this
purpose, a highly conserved tryptophan (W) at position 213
and phenylalanine-leucine (FL) at positions 226 and 227 were
changed to alanines (A) to produce two mutant GAL4–hMI-
ER1(163-283) constructs, 213W3A and 226FL3AA, respec-
tively.

All constructs were transfected into HeLa cells, and expres-
sion of the GAL4 fusion proteins was verified by Western
blotting (Fig. 5B). Extracts from these cells were assayed for
CAT expression and HDAC activity (Fig. 5A). Our analysis
revealed that deletion of the N-terminal 16 aa in GAL4–hMI-
ER1(179-283) reduced the associated HDAC activity and had
a slight effect on repression. Further deletion of N-terminal
residues reduced HDAC activity and transcriptional repression
to control levels (Fig. 5A). At the C-terminal end, all deletions,
even one as small as 11 aa [GAL4–hMI-ER1(163-272)], com-
pletely eliminated HDAC activity and transcriptional repres-
sion. Mutant proteins 213W3A and 226FL3AA were also un-
able to recruit HDAC activity or to function in transcriptional
repression (Fig. 5A), confirming the role of the ELM2 domain
in mediating these activities. Thus, only GAL4–hMI-ER1(163-
283) and GAL4–hMI-ER1(179-283) showed significant levels
of associated HDAC activity and transcriptional repression.
Moreover, these were the only two constructs that were able to
coimmunoprecipitate HDAC1 (Fig. 5C). These data demon-
strate that the minimum sequence for recruitment of HDAC1
activity and repression of transcription is contained in aa 179 to
283.

While our analysis showed that the ELM2 domain (aa 179 to
238) is required for HDAC1 binding and transcriptional re-
pression, it was clear that an additional sequence C terminal to
this domain is essential. The ELM2 domain was originally
defined on the basis of sequence conservation in a small num-
ber of available protein sequences (29). A reexamination of the
alignment by using a larger number of ELM2-containing pro-
teins revealed conservation of an additional sequence C ter-
minal to the defined ELM2 domain (Fig. 6). This highly con-
served sequence encompasses aa 255 to 273 of hMI-ER1 and
contains the consensus ALXXLX5DX3ALXXL, where the sec-
ond and last leucines are invariant.

The data presented here illustrate that the previously delin-
eated ELM2 domain is not sufficient for activity but requires
an additional C-terminal sequence. We show that this addi-
tional sequence is highly conserved among ELM2-containing
proteins, indicating that the functional ELM2 domain extends
further downstream than previously described and in hMI-
ER1 includes aa 179 to 283.

DISCUSSION

In this report, we investigated the transcriptional regulatory
function of the hMI-ER1� and � isoforms. We have shown
that both can function equally well as transcriptional repres-

FIG. 3. A functional HDAC1 coimmunoprecipitates with hMI-
ER1� and hMI-ER1� in vivo. (A) Cell lysates from HeLa cells tran-
siently transfected with myc tag empty vector or myc-� or myc-� plas-
mid were prepared, and equivalent amounts of protein from each
sample were either added directly to sample buffer (lanes 1 to 3) or
subjected to immunoprecipitation (IP) with anti-HDAC1 (lanes 4 to
6); Western blot (WB) analysis was performed using anti-Myc. The
positions of the Myc-� and Myc-� proteins are indicated. (B) HeLa
cells (1.5 � 105 cells per sample) were transfected with myc tag empty
vector or myc-� or myc-� plasmid and lysed, and the supernatants were
subjected to IP with anti-Myc. Additional controls consisted of mock-
transfected HeLa cell extracts immunoprecipitated with anti-HDAC1
or anti-Myc. Immunoprecipitates were assayed for HDAC activity in
the presence or absence of 300 nM TSA as described in Materials and
Methods. Shown are the average values and standard deviations from
three independent experiments. (C) HeLa cell lysates were subjected
to IP with nonimmune serum (lane 1) or anti-pan hMI-ER1 (lane 2),
anti-hMI-ER1�-specific (lane 3), or anti-hMI-ER1�-specific (lane 4)
antiserum. HDAC1 protein from an in vitro TNT mixture was loaded
in lane 5. Western blot (WB) analysis was performed using anti-
HDAC1. The position of the HDAC1 protein is indicated.
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sors through recruitment of HDAC1 and that the evolution-
arily conserved ELM2 domain, which is common to both, is
required for these activities. Thus, the two alternate C-termi-
nal domains appear to serve distinct functions.

It is interesting that the � isoform does not contain a func-
tional NLS and that its subcellular localization in NIH 3T3
cells is predominately cytoplasmic (24). We postulated that
controlling the subcellular localization of hMI-ER1 by alter-
nate splicing provides a mechanism for regulation of its nuclear
activities. It is also possible that the � isoform may be trans-
ported to the nucleus through regulated interactions with an-
other nuclear protein(s), such as HDAC1. Cotransport to the
nucleus through such a piggyback mechanism has been re-
ported for a number of proteins, including the retinoblastoma

gene product (Rb) and Hsp90 (18, 41). Interestingly, the C
terminus of the � isoform possesses a class III LXXLL motif
(NR box), a nuclear hormone receptor interaction domain
found in a number of transcriptional coactivators (6, 15; re-
viewed in reference 2) that may be important in regulating the
differential subcellular localizations of hMI-ER1 in steroid
hormone responsive tissues.

We found that hMI-ER1 functions in transcriptional repres-
sion in several cell lines; however, we cannot exclude the pos-
sibility that in other cell lines or under other conditions, it
could function in transcriptional activation. Indeed, the N-
terminal region of Xenopus MI-ER1 was shown to function as
a powerful transcriptional activator (22). Furthermore, the
ability to both repress and activate transcription has been re-

FIG. 4. hMI-ER1 associates with HDAC activity through a region containing the ELM2 domain. (A) Deletion mutants of hMI-ER1� or �
fused to GAL4 were transfected into HeLa cells (1.5 � 105 cells per sample). The schematic on the left illustrates the constructs used and shows
a scaled representation of the hMI-ER1 sequence and each of its domains. The individual domains are identified in the legend below the schematic,
and the hMI-ER1 amino acid residues encoded by each construct are listed on the left. Cell extracts were prepared 48 h after transfection and
subjected to immunoprecipitation with anti-GAL4. Immunoprecipitates were assayed for HDAC activity in the presence or absence of 300 nM
TSA as described in Materials and Methods. The histogram shows the average values and standard deviations from three independent experiments.
(B) The expression of the GAL4–hMI-ER1 fusion protein in each sample used in panel A was examined by Western blotting using an anti-GAL4
antibody. Indicated above each lane are the hMI-ER1 residues encoded by the construct.
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ported for a number of other transcription factors, including
the nuclear hormone receptors (reviewed in references 2 and
35), MTA2 (20), and the HOX-PBX complex (27). In most
cases, differential recruitment of coactivator or corepressor

complexes determines the net effect on transcription. We are
currently investigating whether hMI-ER1 can also function as
a transcriptional activator and whether the � isoform is in fact
involved in nuclear receptor transactivation.

FIG. 5. The ELM2 domain of hMI-ER1 can recruit HDAC1 activity and repress transcription in vivo. (A) Deletion mutants of hMI-ER1(163-
283) fused to GAL4 were transfected into HeLa cells for HDAC activity measurements or were cotransfected with the G5tkCAT reporter plasmid
for transcriptional repression assays. The schematic illustrates the constructs used, and the hMI-ER1 amino acid residues encoded by each
construct are listed on the left. 213W3A and 226FL3AA constructs contain residues 163 to 283 with alanine substitutions at 213W and 226FL,
respectively. HDAC activity measurements were performed as described in the legend to Fig. 3B, and the average values and standard deviations
from three independent experiments are shown. Repression was determined by measuring CAT expression levels as described in the legend to Fig.
2. (B) The expression of the GAL4–hMI-ER1 fusion protein in each sample used in panel A was examined by Western blotting using an anti-GAL4
antibody. Indicated above each lane are the hMI-ER1 residues encoded by each construct. (C) 35S-labeled TNT mixtures programmed with cDNA
encoding HDAC1 were loaded directly on the gel (Input; lane 1) or incubated with unlabeled TNT mixtures programmed with Myc-tagged
constructs of the regions listed in panel A and then subjected to immunoprecipitation using anti-Myc (lanes 2 to 10). Proteins were visualized by
SDS-PAGE and autoradiography. The position of the HDAC1 protein is indicated.
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Although hMI-ER1 possesses a SANT domain, which is
structurally related to the DBD of the Myb protein, we have
not been able to show that hMI-ER1 possesses specific DNA
binding ability (unpublished data). Indeed, proteins like hMI-
ER1 that contain a single SANT domain do not normally
possess DNA binding activity (1). Thus, hMI-ER1 most likely
functions as a corepressor in a manner similar to other SANT-
containing corepressors, such as N-CoR, SMRT, and CoREST
(14, 40).

Eleven human HDACs have been identified (7, 10, 11, 13,
17, 19, 34, 42) and have been divided into three classes based
on their homology to Saccharomyces cerevisiae proteins (5, 8, 9,
12, 28, 31, 36), and it is believed that the different HDACs may
have unique temporal and spatial expression patterns that con-
tribute to tissue-specific regulation of transcription- and chro-
matin-regulatory complexes. We have shown that both hMI-
ER1� and � interact with HDAC1 and that this is a native
interaction, not just an artifact of overexpression by transfec-
tion. We could not, however, detect any interaction with
HDAC3, suggesting some specificity in the interaction of hMI-
ER1 with HDAC family members. Whether other HDAC fam-
ily members can interact specifically with hMI-ER1 to regulate
transcription in distinct cell types is currently being investi-
gated.

We mapped the domain responsible for recruiting HDAC1
activity and mediating transcriptional repression to aa 179 to
283, a region common to all hMI-ER1 isoforms and containing
the ELM2 domain. Our mutational analysis revealed that an
intact ELM2 domain is required for these activities but that
additional sequences, not previously included in the ELM2
domain by sequence comparisons (29) or Pfam alignments, are
also critical for these activities. A more detailed analysis of the
sequences carboxy terminal to the ELM2 domain in hMI-ER1

and other ELM2 domain-containing proteins revealed conser-
vation of additional sequences, including the consensus se-
quence ALXXLX5DX3ALXXL. Secondary-structure analysis
of this region with the SOPMA and COILS algorithms re-
vealed that this region has a propensity to form �-helical struc-
tures and that the region from aa 263 to 290 has a high prob-
ability of forming a coiled coil. These data suggest that the
structural integrity of this region is critical for recruitment of
HDAC1 activity, with the region being involved either directly
by associating with HDAC1 or indirectly by recruitment of an
HDAC1-containing complex.

Our data suggest that other ELM2-containing proteins, in-
cluding CoREST, MTA1, and MTA2, may interact with
HDACs in a manner similar to that of hMI-ER1. While all of
these are known components of characterized transcription-
and chromatin-regulatory complexes containing one or more
HDACs, the interaction domain(s) for most has not been de-
termined. You et al. (40) concluded that the SANT domain of
the corepressor CoREST was required for association with
HDAC1; however, we note that the construct used in this study
also contained the ELM2 domain. Our constructs were de-
signed to separate the two domains and clearly showed that the
SANT domain of hMI-ER1 does not interact with HDAC1.
We do, however, acknowledge that different molecules may
utilize these domains differently and/or may cooperate in bind-
ing HDAC-containing complexes. Indeed, the SANT domain
of the related corepressor SMRT, which does not contain an
ELM2 domain, has been implicated in HDAC3 binding (14).

It is interesting that virtually all proteins containing an
ELM2 domain also contain a SANT domain. Recently, the
SANT domain of ADA2, a component of the SAGA complex
in S. cerevisiae, has been shown to recruit HAT activity (30).
We are currently investigating whether the SANT domain of

FIG. 6. Alignment of ELM2 domains reveals additional conserved sequence. The ELM2 regions of proteins from the Pfam and GenBank
databases were aligned using ClustalW. Shown is the amino acid sequence from the C-terminal end of the ELM2 domain to the beginning of the
SANT domain in each protein. Residues belonging to these two domains are shaded. Highly conserved residues in the region C terminal to the
ELM2 domain are shown with white lettering and highlighted in black. The consensus sequence is listed below the alignment; X represents any
amino acid; � represents Y, F, or H; and � represents a charged residue. The numbers listed above the alignment correspond to amino acid
positions in the hMI-ER1 protein sequence. The accession numbers for the sequences used in this alignment (from top to bottom) are as follows:
AF515447, O42194, AB033019, XM_125783, Q9UKL0, XM_127140, XM_127140, AJ311849, Q9JMK4, Q9R190, Q13330, O94776, Q9VNF6,
Q9VNF6, Q9NHX6, Q9P2R6, and Q09228.
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hMI-ER1 can recruit HAT activity; positive results would sup-
port a model in which the ELM2 and SANT domains function
in opposing directions to provide precise regulation of tran-
scriptional activity.
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