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The activity of GATA factors is regulated, in part, at the level of protein-protein interactions. LIM domain
proteins, first defined by the zinc finger motifs found in the Lin11, Isl-1, and Mec-3 proteins, act as coactivators
of GATA function in both hematopoietic and cardiovascular tissues. We have identified a novel GATA-LIM
interaction between GATA6 and LMCD1/dyxin. The LIM domains and cysteine-rich domains in LMCD1/dyxin
and the carboxy-terminal zinc finger of GATA6 mediate this interaction. Expression of LMCD1/dyxin is
remarkably similar to that of GATAG6, with high-level expression observed in distal airway epithelium of the
lung, vascular smooth muscle, and myocardium. In contrast to other GATA-LIM protein interactions, LMCD1/
dyxin represses GATAG6 activation of both lung and cardiac tissue-specific promoters. Electrophoretic mobility
shift and chromatin immunoprecipitation assays show that LMCD1/dyxin represses GATA6 function by
inhibiting GATA6 DNA binding. These data reveal an interaction between GATA6 and LMCD1/dyxin and
demonstrate a novel mechanism through which LIM proteins can assert their role as transcriptional cofactors

of GATA proteins.

GATA factors regulate gene expression in a variety of cell
types, including cardiovascular, pulmonary, and hematopoietic
tissues (for reviews, see references 21 and 43). There are six
mammalian GATA factors, each of which contains two zinc
fingers that are required for sequence-specific DNA binding.
Mammalian GATA factors can be subdivided into two groups:
GATA1/2/3, which are expressed primarily in hematopoietic
tissues, and GATAA4/5/6, which are expressed primarily in car-
diovascular, lung, and gut tissues (for reviews, see references
21, 27, and 47). Loss of function of each of these genes results
in specific defects in developmental processes, ranging from
erythrocyte development (GATA1l) to heart formation
(GATAA4) (13, 22, 29, 41).

As with other transcriptional regulators, GATA factors are
regulated by protein-protein interactions with cofactors. Mem-
bers of the Nkx family of homeodomain transcription factors,
including Nkx2.1 and Nkx2.5, interact with members of the
GATA4/5/6 subfamily and synergistically regulate lung and
cardiac gene expression (9, 30). Members of a novel family of
zinc finger transcriptional cofactors, FOG-1/2, interact with
GATA family members and regulate distinct aspects of both
hematopoietic and cardiovascular development (35, 36).

In addition to these interactions, GATA factors also interact
with members of the LIM domain family of zinc finger pro-
teins. Interactions between GATA1 and LMO?2 regulate ery-
throid gene expression and development (28, 39). Interactions
between GATA4 and GATAG6 and the cysteine-rich protein
(CRP) family of LIM domain proteins regulate cardiac and
vascular smooth-muscle gene expression (7). In all previously
reported GATA-LIM interactions, LIM proteins act as coac-
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tivators of GATA-mediated gene transcription. The impor-
tance of these interactions is underscored by the finding that
LMO2- and GATAIl-deficient mice exhibit similar blocks in
erythropoiesis (29, 45).

GATAG is expressed in myocardium, lung epithelium, and
vascular smooth muscle and has been shown to regulate pro-
moters specific for all of these tissues (6, 23, 37, 38). To identify
additional cofactors that regulate GATAG function in lung and
cardiac development, we performed a yeast two-hybrid screen
for GATAG-interacting proteins. These studies revealed an
interaction between GATA6 and the LIM protein LMCD1/
dyxin. LMCD1/dyxin expression overlaps extensively with that
of GATAG in distal lung epithelium, cardiac myocytes, and
vascular smooth muscle. Interaction between GATA6 and
LMCD1/dyxin inhibits GATA6 DNA binding, resulting in re-
pression of GATAG6 transcriptional activation of downstream
target genes. The GATA6-LMCD1 interaction defines a novel
mechanism to restrict GATAG6 function during lung and heart
development.

MATERIALS AND METHODS

Yeast two-hybrid screen. The full-length mouse GATA6 cDNA was cloned
into the pSOS vector of the CytoTrap yeast two-hybrid system (Stratagene) and
used to screen a human adult lung cDNA library cloned into the pMYR plasmid
as described in the manufacturer’s protocols (3). A total of 1.4 X 10° primary
clones were screened for growth on galactose-containing medium at 37°C in the
cdc25H strain of Saccharomyces cerevisiae. Positive clones were retransformed
into the cdc25H yeast strain with the pSOS plasmid or the pSOS/GATAG plas-
mid to determine the necessity of GATAG6 for activation of the Ras pathway.
From this screen, three different LMCD1/dyxin clones were isolated. The full-
length mouse LMCD1/dyxin cDNA was generated by reverse transcriptase PCR
from mouse lung cDNA based on the published sequence (5).

Protein-protein interaction assays. Full-length and domain-specific regions of
mouse LMCD1/dyxin were generated in pGEX4T1 using the following oligonu-
cleotides: full-length sense, 5'-CAG GAA TTC ATG GCA AAA GTG GCT
AA-3'; full-length antisense, 5'-CTC GAG TCA GGA GCG TTT TGA CT-3';
cysteine-rich domain sense, 5'-CGC GAA TTC GCA AAA GTG GCT AAG
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FIG. 1. Identification of LMCD1/dyxin as a GATAG binding protein. (A) The Cytotrap yeast two-hybrid screening strategy. The bait protein,
in this case GATAG, is expressed in frame with human Sos. Target proteins in the library are expressed with a myristoylation sequence, causing
them to locate on the inner side of the plasma membrane. Interaction between bait and target proteins colocalizes Sos with Ras, which activates
the Ras signal transduction pathway, allowing growth of yeast strain cdc25H on galactose at 37°C. (B) Screening of a human adult lung cDNA
library with GATAG as the bait protein resulted in the identification of three clones homologous to human LMCD1/dyxin. LMCD1/dyxin has a
conserved cysteine-rich domain at the amino-terminal end (blue), two LIM domains (red), and a putative nuclear localization motif (green). The
amino-terminal end of the proteins encoded by the partial cDNAs isolated is noted by black arrowheads. (C) The LMCD1/dyxin cDNA clone
encoding aa 91 to 365 was retransformed into the cdc25H yeast strain with blank pSOS plasmid or with pSOS/GATAG6. Activation of the Ras signal
transduction pathway, which results in the ability of the cdc25H yeast strain to grow at 37°C on galactose, occurred only with coexpression of

GATAG.

GAC CTC AAC CC-3'; cysteine-rich domain antisense, 5'-GCC TCG AGT
CAT AGG CAG TGC TCC TCC TGG-3'; Prickle-Espinas-Testin (PET) do-
main sense, 5'-CGC GAA TTC AGC TCT GAC CTG GAC GAT GAT CGG-
3’; PET domain antisense, 5'-GCC TCG AGT CAC TCT GGC TTT TCC TGT
GTC TTG-3"; LIM domain sense, 5'-CGC GAA TTC GGC ACA GAG ACC
ACT-3'; LIM domain antisense, 5'-CTC GAG TCA GGA GCG TTIT TGA
CT-3'. G lutathione S -transferase (GST) fusion proteins were generated by
inducing protein expression with 1 mM IPTG (isopropyl-B-p-thiogalactopyrano-
side) for 4 hours and purifying bacterial lysates over glutathione-agarose. For
pull-down assays, in vitro-translated GATAG6 proteins were incubated with equal
amounts of each GST-LMCDI1 fusion protein (1 pg) for 2 hours at 4°C in the
following buffer: 20 mM Tris (pH 7.5), 300 mM NaCl, 1 mM dithiothreitol, 0.4%
NP-40, 0.5 mg/ml bovine serum albumin, and 1 mM phenylmethylsulfonyl fluo-
ride. Protein complexes were washed three times with the above-described buffer
and then one time with the same buffer containing 150 mM NaCl but lacking
bovine serum albumin. Protein complexes were resolved on either 12% or 4 to
20% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
gradient gels, which were dried and exposed to film.

Coimmunoprecipitation assays were performed using whole-cell extracts from
1 X 10® MLE-15 cells, which are known to express GATAG6 (42). Cells were
extracted as previously described (42), and proteins were precipitated with a
commercially available antibody against GATAG6 (Santa Cruz; C-20). Precipi-
tated proteins were resolved on SDS-PAGE gels, blotted onto polyvinylidene
difluoride membranes, and probed with the antibodies indicated in the figure
legends.

Nuclear extracts were prepared from 293 cells transfected with a GATAG6
expression plasmid (PCMVGATAG) as previously described (42). Far-Western
blotting was performed essentially as described previously (11). Briefly, nuclear
extracts were resolved on SDS-PAGE gels, blotted onto polyvinylidene difluo-
ride membranes, and probed with GST or GST-LMCD1 fusion proteins (diluted
to 0.5 pg/ml) in 50 mM Tris (pH 7.5), 150 mM NaCl, and 0.1% Tween 20 for 1
hour at room temperature. The blots were washed three times with incubation
buffer and probed with anti-GST-LMCD1 antibody, which recognizes both GST
and LMCD1 proteins, at a 1:500 dilution.

Histology and immunocytochemistry. The LMCD1/dyxin in situ probe was
generated from the full-length cDNA by PCR using an oligonucleotide contain-
ing a T7 site in the antisense orientation. Fixing, processing, and hybridization of
tissue sections with a 3°S-labeled riboprobe were performed as described previ-
ously (20). The anti-LMCD1 rabbit polyclonal antibody was generated using the
full-length GST-LMCD1 fusion protein. Antiserum was used at a 1:100 dilution
for immunohistochemistry on paraffin sections of mouse embryos. Immunohis-
tochemistry was performed as described previously (19). Further details on the
histology can be found at the University of Pennsylvania Molecular Cardiology
Center website (http://www.uphs.upenn.edu/mcrce/). Immunocytochemistry was
performed on 293 cells transfected with a FLAG-tagged LMCD1/dyxin expres-

sion plasmid. Cells were treated with 20 pM leptomycin B for 4 hours prior to
fixation with 3.7% formaldehyde. Anti-FLAG mouse monoclonal antibody (M2;
Sigma) was used at a 1:1,000 dilution to detect LMCD1/dyxin protein in cells.

Cotransfection, EMSAs, and chromatin immunoprecipitation assays. NIH
3T3 cells were transfected with plasmids encoding full-length GATA6 (pCMV-
GATAG), plasmids encoding LMCD1/dyxin, and the indicated reporter plas-
mids. After 48 h, cells were harvested and luciferase assays were performed with
a commercially available kit (Promega). Electrophoretic mobility shift assays
(EMSAs) were performed as described previously, using the GATA6 DNA
binding site oligonucleotide from the mouse Wnt7b promoter (42) and either in
vitro-translated GATAG6 protein (5 wl) or nuclear extracts (10 ug) from cells
transfected with a GATAG6 expression plasmid.

Chromatin immunoprecipitation (ChIP) assays were performed using a com-
mercially available kit (Upstate Biologicals) and oligonucleotides spanning the
GATA DNA binding sites located in the mouse surfactant protein C (SP-C) and
cardiac troponin C (¢cTNC) promoters (16, 23) or the forkhead DNA binding site
located in the mouse CC10 promoter (14, 32). The anti-GATAG6 polyclonal
antibody (C-20; Santa Cruz Biotechnology), anti-GATA4 polyclonal antibody
(C-20; Santa Cruz Biotechnology), anti-GATA1 monoclonal antibody (N6; Santa
Cruz Biotechnology), and the previously described Foxp4 polyclonal antibody
were used for immunoprecipitation (19). Chromatin was isolated from 293 cells
transfected with GATA6, GATA1, GATA4, LMCD1/dyxin, or Foxp4 expression
plasmids as indicated in the figure legends, as well as the previously described
pGL2/SP-C and pGH/cTNC reporter plasmids (23, 32). Fugene 6 (Roche Bio-
chemicals) was used for all cell culture transfections. Quantitative reverse tran-
scriptase PCR (Q-PCR) with the oligonucleotides described above was per-
formed with an Applied Biosystems SYBR green PCR master mix and an MJ
Research DNA Engine Opticon 2 real-time detection system according to the
manufacturers’ instructions.

Inhibition of LMCD1 expression by siRNA. Oligonucleotides directed against
LMCD1/dyxin were purchased from Dharmacon as a pool (SMARTpool catalog
no. M-053725-00). MLE-15 cells were transfected using DharmaFECT with the
amounts of small interfering RNA (siRNA) oligonucleotides indicated in the
figure legends. Cells were harvested after 48 h, and total RNA or protein was
extracted. Equal amounts of total cell protein were probed on Western blots for
the presence of LMCD1 as described above. Q-PCR was performed as described
above for the presence of mouse surfactant protein A (SP-A) using the following
nucleotides: sense, 5'-CTG CAA ACA ATG GGA GTC CTC AGC-3'; anti-
sense, 5'-CT GCA GGC AGC CCT TAT CAT TCC-3'.

RESULTS

Identification of LMCD1/dyxin as a GATAG6-interacting pro-
tein. The CytoTrap yeast two-hybrid system was used to screen
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FIG. 2. Protein-protein interaction between GATA6 and LMCD1/dyxin. (A) GST pull-down assay showing the interaction between GATA6
and full-length LMCD1/dyxin. (B) Coimmunoprecipitation of GATA6 and LMCD1 from MLE-15 cell extracts. Extracts were immunoprecipitated
with a GATAG antibody and then analyzed by Western blotting with the LMCD1/dyxin polyclonal antibody. “Input” represents 5% of the extract
used in the immunoprecipitation. Position of the 35-kDa molecular mass marker is shown. Expression of GATAG6 in MLE-15 cells has already been
reported (6, 31). IP, immunoprecipitation; WB, Western blot; NIgG, normal IgG; G6 Ab, GATAG6 antibody. (C) GST pull-down assay showing
interaction between the LIM and CYS domains and GATAG6. Arrowheads in panels A and C indicate radiolabeled GATAG6 interaction with
GST-LMCDI1 fusion proteins. (D) Coomassie blue-stained gel of GST fusion proteins. Asterisks denote full-length fusion proteins. Molecular mass
standards in kilodaltons are noted on the left. (E) Far-Western blot showing interaction between GATAG6 and the LIM- and cysteine-rich domains
of LMCD1/dyxin. The arrow and asterisks denote GATAG interaction with GST fusion proteins. The arrowhead denotes a nonspecific band that
reacts with anti-GST-LMCD1 antisera. Mock-transfected cell extracts were probed with full-length GST-LMCD1. Molecular mass standards in
kilodaltons are noted on the left. (F) Summary of the domains within LMCD1/dyxin that interact with GATA6. —, no interaction; +++,
interaction. (G) GST pull-down assay to assess the abilities of different regions of GATAG that interact with LMCD1/dyxin, as well as full-length
GATA1 and GATA4. Molecular mass standards in kilodaltons are noted on the left. (H) Input of radiolabeled GATA6, GATAI, and GATA4
proteins. Molecular mass standards in kilodaltons are noted on the left. (I) Summary of domains within GATAG that interact with LMCD1/dyxin.
These regions delineate the carboxy-terminal zinc finger as the domain in GATAG6 required for interaction with LMCD1/dyxin. Gel lane numbers
in panels G and H correspond to the GATAG6 proteins indicated in panel I.
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FIG. 3. LMCD1/dyxin gene expression during cardiopulmonary development. In situ hybridization was performed with tissue sections from
E12.5 (A, B, G, and H), E14.5 (C and D), and E18.5 (E and F) mouse embryos. Expression is observed in developing airway epithelium (A, arrows)
with the highest expression at the distal tips of the airways (B, arrowheads). Expression is also observed in the underlying mesenchyme (A).
Expression continues in the lung airways at E14.5 (C) but decreases by E18.5 so that it is observed in only a small subset of alveolar epithelium
(F, arrowheads). Expression in the cardiovascular system is observed in the muscular component of the dorsal aorta (D) and in the pulmonary
arteries (E). Expression in the heart (H) is observed in the myocardium as well as the developing endocardial cushions (arrows). ao, aorta; ua,

upper airways; eso, esophagus; pa, pulmonary artery.

a human adult lung cDNA library using the full-length mouse
GATAG open reading frame to identify new GATAG6-interact-
ing proteins (Fig. 1A) (3). Several clones were obtained that
corresponded to the human orthologue of mouse LMCD1/
dyxin (Fig. 1B) (5). The longest of these clones, encoding
amino acids (aa) 91 to 365, was retransformed into the cdc25H
yeast strain, along with either the pSOS bait plasmid itself or
the bait plasmid containing the GATA6 cDNA. These results
show that the activation of the Ras signaling transduction path-
way in the Cytotrap two-hybrid system relied upon coexpres-
sion of both GATA6 and LMCD1/dyxin (Fig. 1C).

Domains within LMCD1/dyxin and GATA6 mediating pro-
tein-protein interaction. To verify that LMCD1/dyxin directly
interacted with GATAG6, a GST fusion protein was gener-
ated using the full-length mouse LMCD1/dyxin cDNA. In
vitro-translated GATAG interacted with GST-LMCD1 but
not GST (Fig. 2A). Coimmunoprecipitation assays using
GATAG6- and LMCD1-specific antibodies demonstrate en-
dogenous in vivo association of GATA6 and LMCD1 in the
lung epithelial cell line MLE-15 (Fig. 2B). LMCD1/dyxin is
a modular protein containing at least three domains: (i) a
cysteine-rich domain (CYS domain) at the amino terminus
that contains zinc finger-like motifs, (ii) a PET domain
based on its similarity to the Drosophila prickle protein (10),
and (iii) two LIM domains. To determine which domains in
LMCD1/dyxin were required for interaction with GATA®G,
GST fusion proteins were generated with the CYS, PET,
and LIM domains. GST pull-down assays revealed that
GATAG bound to the LIM as well as CYS domains (Fig. 2C
and D). Binding to the PET domain was not observed at
significant levels (Fig. 2C). Far-Western blot analyses were
also performed using nuclear extracts from 293 cells trans-
fected with an expression plasmid encoding the full-length
GATAG6 cDNA or cells mock transfected with empty plas-

mid. Extracts transferred to membranes were probed with
the GST fusion proteins described above. These experi-
ments demonstrated binding of GATA6 to full-length
LMCD1/dyxin and to the LIM and CYS domains (Fig. 2E).
These results confirm that the LIM and CYS domains, but
not the PET domain, interact with GATAG6 (Fig. 2F).

To determine the domains within GATAG6 responsible for
mediating interaction with LMCD1, GST pull-down assays
were performed with full-length GST-LMCD1 and in vitro-
translated proteins representing various domains in GATAG6.
All GATAG proteins containing the carboxy-terminal zinc fin-
ger interacted with LMCD], indicating that this domain is
responsible for mediating GATA6-LMCD1/dyxin interactions
(Fig. 2G through I). LMCDI1 also bound to GATAI and
GATAA4, consistent with the highly conserved carboxy-terminal
zinc finger mediating this interaction (Fig. 2G and H).

Expression of the LMCD1/dyxin gene during lung and heart
development. GATAG is expressed in myocardium, lung epi-
thelium, and vascular smooth-muscle cells during development
(23, 24). To determine the mRNA expression pattern of
LMCD1/dyxin during mouse gestation, in situ hybridization
was performed using a specific riboprobe to LMCD1/dyxin. At
embryonic day 12.5 (E12.5), LMCD1/dyxin expression is ob-
served in distal epithelium of the developing lung and in the
underlying mesenchyme (Fig. 3A and B). This expression pat-
tern continues through gestation, and by E18.5, expression of
LMCD1/dyxin is observed in a small subset of alveolar epithe-
lial cells in a pattern consistent with that of type 2 alveolar
epithelial cells (Fig. 3C through F). Expression of LMCD1/
dyxin is observed in vascular smooth-muscle tissues, including
the thoracic aorta and large pulmonary blood vessels (Fig. 3D
and E). LMCD1/dyxin mRNA expression is also observed in
the ventricular myocardium as well as at high levels in the
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FIG. 4. Expression of LMCD1/dyxin protein during cardiopulmo-
nary development. Immunohistochemistry was performed with tissue
sections from E9.5 (A and B), E12.5 (C and D), E14.5 (E, F, 1, and J),
and E16.5 (G) mouse embryos. LMCD1/dyxin protein expression was
observed in the developing heart at E9.5 (A and B) and E12.5 (D).
LMCD1/dyxin expression is observed in the anterior foregut endoderm
at E9.5 (A, arrow). In contrast to gene expression, LMCD1/dyxin
protein expression is not observed in the developing endocardial cush-
ions of the heart at E12.5 (D, arrows). Expression is observed through-
out the branching airways of the lung at E12.5 (C). By E14.5, LMCD1/
dyxin expression is found in the distal airway epithelium in the lung
(E), with the highest levels observed in the distal regions (F, bracket).
Expression is also observed in the developing pulmonary arteries (E).
In both heart and lung sections, note the presence of nuclear LMCD1/
dyxin expression in a subset of cells (B and F, arrowheads). The
anti-GST-LMCD1 antibody recognizes LMCD1/dyxin protein from
transfected (lane 2) but not untransfected (lane 1) 293 cells (H, arrow).
Use of preimmune serum (I) and preincubation of LMCD1 antiserum

MoL. CELL. BIOL.

developing endocardial cushions (Fig. 3G and H). Expression
of LMCD1/dyxin in the heart has been previously reported (4).

Expression of LMCD1/dyxin protein during lung and heart
development. To analyze LMCD1/dyxin protein expression
during cardiopulmonary development, a polyclonal antibody
was generated to the GST-LMCD1 fusion protein. This anti-
body recognizes a 40-kDa protein in transfected but not un-
transfected 293 cells (Fig. 4H). Immunohistochemistry using
the anti-LMCD1 antibody on staged sections of mouse em-
bryos shows that LMCD1/dyxin protein is expressed in myo-
cardium as early as E9.5, with some cells exhibiting apparent
nuclear staining (Fig. 4A and B). Expression in the forming
anterior foregut epithelium is also observed at E9.5 (Fig. 4A).
By E12.5, LMCD1/dyxin expression is observed in the airways
of the developing lung as well as in the myocardium (Fig. 4C
and D). In contrast to LMCD1/dyxin mRNA expression,
LMCD1/dyxin protein expression is not observed in the devel-
oping endocardial cushions of the heart (Fig. 4D).

During development, airways in the lung develop along a
distinct proximal-distal axis, which allows the differentiation of
specific epithelial cell types required for postnatal respiration
(for a review, see reference 40). At E14.5, when proximal-distal
differentiation in the lung is proceeding rapidly, LMCD1/dyxin
expression is observed at high levels in the distal but not prox-
imal airways of the developing lung (Fig. 4E and F). As in the
myocardium, LMCD1/dyxin expression is observed in the nu-
cleus of a subset of airway epithelial cells at E14.5 (Fig. 4F). By
E16.5, LMCD1/dyxin expression decreases in airway epithe-
lium in the lung (Fig. 4G). Expression of LMCD1/dyxin pro-
tein is also observed in the vascular smooth muscle of pulmo-
nary arteries (Fig. 4E). Use of preimmune antisera and
preincubation of the anti-LMCD1 antisera with LMCD1 fu-
sion protein resulted in loss of signal in all of these tissues (Fig.
41 and J). Together, these data demonstrate that LMCD1/
dyxin expression overlaps extensively with that of GATAG in
the lung, heart, and vascular smooth muscle.

LMCD1/dyxin is retained in the nucleus by inhibition of
nuclear export. LIM proteins are often actively exported from
the nucleus (12, 26). The physiological signals that regulate this
process remain obscure. The above data suggest that LMCD1/
dyxin is expressed in the nucleus in a subset of cardiac myo-
cytes and lung epithelial cells. LMCD1/dyxin localizes primar-
ily to the cytoplasm in 293 cells transfected with a plasmid
encoding FLAG-tagged LMCD1/dyxin (Fig. 5A). To deter-
mine whether LMCD1/dyxin was actively exported from the
nucleus, transfected 293 cells were treated with the nuclear
export inhibitor leptomycin B. This resulted in an accumula-
tion of LMCD1/dyxin in the nucleus (Fig. 5B through -D). To
determine whether cytoplasmic expression of LMCD1 dis-
rupted cellular localization of GATAG6, both proteins were
coexpressed in 293 cells, and immunocytochemistry was per-
formed. In cells that express both GATA6 and LMCDI,
GATAG is still primarily localized to the nucleus (Fig. SE
through G). Thus, LMCD1/dyxin is actively exported from the
nucleus and does not affect cellular localization of GATAG.

with LMCD1 fusion protein (J) results in loss of staining in cardiopul-
monary tissues. v, ventricle; a, atrium; ves, pulmonary vessel.
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FIG. 5. LMCD1/dyxin is retained in the nucleus of leptomycin B-treated cells. 293 cells were transfected with a myc-tagged LMCD1 expression
construct and treated with 20 uM leptomycin B for 4 hours. Cells were stained with the anti-myc epitope antibody (9E10). Untreated cells showed
primarily cytoplasmic staining of LMCD1/dyxin (A), whereas leptomycin B-treated cells showed an accumulation of protein within the nucleus.
(B) Fluorescein isothiocyanate staining of LMCD1; (C) DAPI (4',6'-diamidino-2-phenylindole) staining; (D) overlay of panels B and C.
Coexpression of LMCD1 (E) and GATAG6 (F) does not change cellular localization of GATAG6. Panel G is an overlay of panels E and F.

LMCD1/dyxin represses GATA activation of target genes.
To determine the effect of LMCD1/dyxin on GATAG6 function,
trans-activation assays were performed using the previously
characterized promoters for SP-A and cTNC (6, 23). GATA6
is known to activate both of these promoters in vitro (6, 23). As
expected, expression of GATAG6 increased SP-A and ¢TNC
promoter activity (Fig. 6A and B). Expression of LMCD1/
dyxin did not affect either SP-A or cTNC promoter activity in
the absence of GATAG (Fig. 6A and B). However, transfection
of increasing amounts of LMCD1/dyxin expression plasmid
caused dose-dependent repression of GATAG frans activation
of both the SP-A and ¢TNC promoters (Fig. 6A and B). In-
creasing levels of LMCD1 also repressed GATA4 activation of
the ¢cTNC promoter (Fig. 6C). These data suggest that
LMCD1/dyxin acts as a repressor of GATA function in both
lung and heart.

A B

LMCD1/dyxin does not contain inherent repression activity,
and the full-length protein is required for repression. There
were at least two possible mechanisms by which LMCD1/dyxin
could repress GATAG6 activity. LMCD1/dyxin could contain
inherent transcriptional repression activity and, by physically
interacting with GATAG, repress gene transcription in much
the same way as FOG-1/2 (34-36). Another possible mecha-
nism is that LMCD1/dyxin could inhibit GATA6 DNA bind-
ing, resulting in decreased GATAG6 activity.

To determine whether LMCD1/dyxin had inherent tran-
scriptional repression activity, full-length LMCD1/dyxin as well
as different domains of this protein were fused to the GAL4
DNA binding domain and used in trans-activation assays with
a GALA4-responsive simian virus 40 reporter plasmid. These
data show that LMCD1/dyxin contains little, if any, inherent re-
pression activity (Fig. 7A). To assess whether LMCD1 could
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of the means.



8870 RATH ET AL.

A B

MoL. CELL. BIOL.

@)

7
pBIND
6
full-length g 5 5 L
= L~
3 24
cys = =
1 @ 3
o o
PET T I
8 o2
Lim 1
0 02 04 06 08 10 12 14 0 26 ¢
ivati ‘ K - o A z
fold activation %, ‘OQ’( %, % (Q, %

@, PGAL4-GE+LMCD1

FIG. 7. LMCD1/dyxin does not have inherent transcriptional repression activity, and the full-length protein is required for repression.
LMCD1/dyxin, or domains within, does not repress a GALA-responsive reporter containing the simian virus 40 promoter (A). A GALA-GATAG fusion
protein was used to activate the GALA response reporter, and increasing amounts of LMCD1 were coexpressed. LMCD1/dyxin does not affect the activity
of GATAG6 when fused to the GAL4 DNA binding domain (B). The indicated domains in LMCD1/dyxin were expressed, along with GATAG6 and the
SP-A luciferase reporter in 293 cells, to show that full-length LMCD1/dyxin can repress GATAG6 activity on the SP-A promoter but that individual
domains within LMCD1/dyxin cannot (C). Data represent the averages of results of three assays * standard errors of the means.

effect GATAG activation of target genes independent of GATAG6
DNA binding, we used a GALA-GATAG fusion protein and a
GALA luciferase reporter. The GALA-GATAG6 fusion protein
vigorously activated the GAL4 reporter (Fig. 7B). However, in-
creasing levels of LMCD1 did not affect this frans activation.
These data also indicate that LMCD1 does not affect the activity
of the GALA4 protein (Fig. 7B). These studies suggest that
LMCD1 represses GATA function through other means.

Since LMCD1 contains multiple domains that can interact
with GATAG6, we assessed which of these domains were re-
sponsible for repressing GATAG6 function. Using the SP-A
promoter, expression plasmids encoding different domains of
LMCD1 along with GATAG6 were transfected into 293 cells. Sur-
prisingly, while full-length LMCD1 was able to effectively repress
GATAG trans activation of the SP-A promoter, none of the indi-
vidual domains tested were capable of repressing GATAG activity
(Fig. 7C). These data indicate that repression by LMCD1 re-
quired the full-length protein, which correlates with the ability of
both the CYS and LIM regions to interact with GATAG.

LMCD1/dyxin represses GATAG activity by inhibiting DNA
binding. The results described above indicate that LMCD1
inhibits GATA function by a means other than conferring
transcriptional corepression to GATA factors. Therefore, EM-
SAs were performed to determine whether LMCD1/dyxin in-
hibited GATA6 DNA binding. In vitro-translated GATAG6 was
initially used to bind to a known GATA6 DNA binding site
found in the mouse Wnt7b promoter (42). Addition of increas-
ing amounts of an in vitro translation reaction mixture using
empty vector did not affect GATA6 DNA binding (Fig. 8A).
However, increasing amounts of an in vitro translation reaction
mixture using a full-length LMCD1/dyxin ¢cDNA inhibited
GATAG6 DNA binding in a dose-dependent manner (Fig. 8A).
EMSAs were also performed using nuclear extracts from 293
cells transfected with a GATAG expression plasmid. Increasing
amounts of GST-LMCD1/dyxin but not GST alone also inhib-
ited GATA6 DNA binding in a dose-dependent manner in this
assay (Fig. 8B). GST-LMCDI1 did not exhibit detectable DNA
binding (Fig. 8B and data not shown).

To determine whether LMCD1/dyxin could inhibit GATA6
DNA binding on a target gene in a cellular context, ChIP
assays were performed using the known GATA6 DNA binding
sites in the SP-C and cTNC promoters as targets (16, 23). As
expected, GATAG binds to the well-characterized sites within
these promoters (Fig. 8C and D). GATA6 DNA binding to
both SP-C and ¢cTNC promoters is inhibited in a dose-depen-
dent manner by LMCD1/dyxin (Fig. 8C and D). Furthermore,
LMCD1 inhibited DNA binding by GATA4 and GATAL to
the cTNC promoter (Fig. 8E and F), suggesting that LMCD1
can repress other GATA factors as well. However, LMCD1/
dyxin did not inhibit DNA binding of another transcription
factor, Foxp4, to its cognate DNA binding site located in the
mouse CC10 promoter (Fig. 8G) (14, 32). Consistent with
LMCDL1 acting as a GATA6 DNA binding inhibitor, GATA6
but not LMCD1 was found associated with the endogenous
mouse SP-C promoter in chromatin from E14.5 mouse lung
tissue (Fig. 8H). To verify that inhibition of LMCD1/dyxin
expression would translate into increased GATAG6 target gene
expression in vivo, MLE-15 cells were transfected with siRNA
oligonucleotides directed against LMCD1/dyxin. These oligo-
nucleotides inhibited LMCD1/dyxin protein expression and
increased SP-A expression in a dose-dependent manner (Fig.
8I). Expression of B-actin was not affected by LMCD1/dyxin
siRNA oligonucleotides (data not shown). Since SP-A is a
known target of GATAG6 (6), these data show that LMCD1/
dyxin inhibits GATA6 DNA binding on promoters of target
genes, resulting in repression of GATAG activity in vivo, which
reveals a novel mechanism to regulate GATAG6 activity during
lung and heart development.

DISCUSSION

GATAG regulates both lung- and heart-specific gene expres-
sion (6, 23, 42, 46). Several cofactors have been shown to
interact with GATAG to either repress or activate GATAG-
dependent transcription (7, 9, 28, 35, 36). We show that a novel
interaction between GATA6 and LMCD1/dyxin represses
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FIG. 8. LMCD1/dyxin inhibits GATA6 DNA binding and represses GATAG function in vivo. Gel shift assays were used to assess the ability
of LMCD1/dyxin to affect GATA6 DNA binding. In vitro-translated GATAG6 binds to the conserved GATA sites within the mouse Wnt7b
promoter (A, lanes 1 and 4). Increasing expression of LMCD1/dyxin inhibits GATA6 DNA binding when LMCD1/dyxin is cotranslated in an in
vitro transcription/translation reaction (A, lanes 5 and 6), while increasing amounts of an empty plasmid did not have any effect (A, lanes 2 and
3). Addition of increasing amounts of GST-LMCD1 (B, lanes 10 to 12), but not GST alone (B, lanes 6 to 8), inhibits GATA6 DNA binding. Note
that GST-LMCD1 does not bind to DNA (B, lanes 1 to 4). ChIP assays show that increasing levels of LMCD1/dyxin inhibit GATA6 DNA binding
to conserved sites located in the ¢cTNC (C) and SP-C (D) promoters as well as that of GATA1 (E) and GATA4 (F) to the cTNC promoter.
However, LMCD1/dyxin does not inhibit Foxp4 binding to the forkhead DNA binding site located in the mouse CC10 promoter (G). Q-PCR ChIP
data are shown as a percentage of GATA or Foxp4 binding without LMCD1. GATAG6 but not LMCD1/dyxin is found associated with the conserved
GATA DNA binding site located in the mouse SP-C promoter (H). siRNA transfection of MLE-15 cells with the indicated amounts of
oligonucleotides (in micrograms) resulted in inhibition of LMCD1/dyxin expression (indicated in Western blot in bottom panel) and an increase
in SP-A expression (I). The position of the 35-kDa molecular mass marker is shown in panel I. IVT, in vitro translated; ext, extract; —Ab, without
antibody; G6, GATAG; G1, GATAL; G4, GATA4; P4, Foxp4; WT, wild type; WB, Western blot.

GATAG function by inhibiting GATA6 DNA binding. This
repression is observed on both lung- and heart-specific target
promoters. Given the known role of GATA-LIM protein in-
teractions in other tissues, this interaction is likely to play an
important role in the regulation of tissue-specific gene expres-
sion in lung, heart, and vascular smooth muscle.

Although several other cofactors have been shown to inter-
act with GATA factors and repress their function, to our
knowledge the LMCD1/dyxin interaction is the first example of

a GATA cofactor that represses function through the inhibi-
tion of DNA binding. DNA binding inhibition by the formation
of nonfunctional heterodimeric complexes has been demon-
strated to play an important role in the regulation of several
other transcription factors. For example, myocyte enhancer
factor 2C DNA binding is inhibited by the binding of activated
Notch ligand, resulting in the repression of skeletal muscle
gene transcription (44). Id proteins also function by forming
non-DNA binding heterodimers with E proteins, sequestering
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FIG. 9. DNA binding inhibition by LMCD1/dyxin defines a new
mechanism to restrict GATA factor function. (A) LMCD1/dyxin re-
presses GATAG6 function through inhibition of DNA binding. Strict
control over cellular localization of LMCD1/dyxin may define its reg-
ulatory function. (B) GATA factors also interact with a variety of
corepressors, such as FOG-1/2. These interactions repress GATA
function by recruiting repression function in trans, sometimes through
interaction with additional corepressor proteins such as CtBP-1 (8, 15,
34). Both models effectively restrict GATA factor activity.

E proteins from forming functional heterodimers with other
bHLH factors (33). Such sequestration likely plays key roles in
regulating gene expression during development.

Inhibition of DNA binding, combined with regulation of
cellular localization, may be a particularly relevant mechanism
for regulation of gene transcription by cofactors such as LIM
proteins because they shuttle between the nucleus and cyto-
plasm (1, 12, 26). The retention of LMCD1 in the cytoplasm
would undo its ability to repress GATA6 DNA binding. Upon
as-yet-uncharacterized signals, LMCD1/dyxin could translo-
cate to the nucleus or its nuclear export could be inhibited,
allowing it to repress GATA6 DNA binding and function. Such
a simple mechanism would allow for the rapid repression of
GATAG function without affecting GATAG6 gene or protein
expression. Precise regulation of GATAG6 function is impor-
tant, since overexpression of GATAG leads to multiple defects
in lung development and homeostasis, including reduced alve-
olar septation and lung function (17).

Other LIM proteins such as CRP1 and -2 interact with
GATA4 and GATAG to synergistically activate cardiac and
vascular smooth-muscle gene expression (7). The LIM protein
LMO?2 performs a similar function with GATAL1 (28, 39). How
these LIM proteins function to regulate GATA-dependent
transcription is still unclear, but several reports show that they
can bridge GATA factors with other transcriptional regulators
(2, 7, 28, 39). CRP1 and -2 bridge GATA factors with the
important muscle transcription factor serum response factor,
synergistically activating smooth-muscle gene expression (7).

MoL. CELL. BIOL.

LMO?2 is critical in forming a multimeric transcriptional com-
plex with GATAL1 or -2, TALI, E2A, and Ldb1 (2, 39). Loss of
LMO2 results in an abrogation of hematopoietic development,
likely due to loss of interactions with TAL1 and GATA2 (2,
45).

The expression patterns of GATA6 and LMCD1/dyxin over-
lap extensively. This observation suggests that LMCD1/dyxin
may play a role in regulating GATAG6 function in many of the
tissues where GATAG is expressed. However, the finding that
nucleus-localized LMCD1/dyxin is observed in only a small
subset of both cardiac myocytes and lung epithelial cells in vivo
suggests that GATAG6 repression by LMCD1/dyxin is tightly
controlled during development. LIM protein shuttling between
the nucleus and cytoplasm is not well understood (1, 12, 26).
CRP2 nuclear localization changes as proepicardial cells dif-
ferentiate (7). Our data showing that inhibition of nuclear
export can result in nuclear accumulation of LMCD1/dyxin
suggest that this process is one possible mechanism that con-
trols LMCD1/dyxin cellular localization. However, the pres-
ence of a putative nuclear localization sequence at the carboxy
terminus of LMCD1/dyxin suggests that its cellular localization
could be regulated by multiple pathways.

The expression of a corepressor in the same temporal and
spatial pattern as an activator such as GATA6 may appear
counterintuitive. However, as with other transcriptional regu-
lators, GATAG interacts with both coactivators and corepres-
sors. Widely expressed factors such as p300 physically bind to
GATAG, regulating vascular smooth-muscle gene transcription
(38). Tissue-restricted transcription factors such as Nkx2.1 and
Nkx3.2 further coactivate GATA6-dependent gene transcrip-
tion (16, 25, 42). Thus, a precise balance between interaction
with these coactivators and corepressors such as LMCD1/dyxin
or FOG-1/2 is essential for the regulation of spatial and tem-
poral activity of GATAG6 as well as other GATA factors (Fig.
9).

GATA factors are expressed in specific spatial and temporal
patterns during development. Although the role of GATAG6 in
cardiac and vascular smooth-muscle development is still un-
clear, GATAG has been demonstrated to play a critical role in
lung epithelial differentiation, and sustained overexpression
leads to defects in lung alveolar development (17, 18, 46). With
its ability to inhibit GATA6 DNA binding and to repress
GATAG function, LMCD1/dyxin may provide an important
mechanism to precisely regulate GATA6 function in cardio-
pulmonary tissues.
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