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via Interactions with the Nkx2.1 Homeodomain
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The transcription factor (TF) Foxp2 has been shown to partially
repress surfactant protein C (SP-C) transcription, presumably
through interaction of an independent repressor domain with
aconserved Foxp2 consensus site in the SP-C promoter. We explored
the role of interactions between Foxp2 and the homeodomain TF
Nkx2.1 that may contribute to the marked reduction in SP-C
expression accompanying phenotypic transition of alveolar epithe-
lial type Il (AT2) to type | (AT1) cells. Foxp2 dose-dependently
inhibited Nkx2.1-mediated activation of SP-C in MLE-15 cells. While
electrophoretic mobility shift assays and chromatin immunopreci-
pitations revealed an interaction between Foxp2 and the conserved
consensus motif in the SP-C promoter, Nkx2.1-mediated activation
of the 318-bp proximal SP-C promoter (which lacks a Foxp2 consen-
sus) was attenuated by increasing amounts of Foxp2. Co-immuno-
precipitation and mammalian two-hybrid assays confirmed a physical
interaction between Nkx2.1 and Foxp2 mediated through the
Nkx2.1 homeodomain. Formation of an Nkx2.1 complex with an
SP-C oligonucleotide was inhibited dose-dependently by recombi-
nant Foxp2. These findings demonstrate that direct interaction
between Foxp2 and Nkx2.1 inhibits Nkx2.1 DNA-binding and tran-
scriptional activity and suggest a mechanism for down-regulation of
SP-C (and probably other AT2 cell genes) during transition of AT2
cells to an AT1 cell phenotype.
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Alveolar epithelium is composed of two morphologically dis-
tinct cell types, type I (AT1) and type II (AT2) cells (1). AT2
cells are believed to serve as progenitors for replacement of
both AT2 and AT1 cells in vivo during development and after
lung injury, while AT1 cells have been presumed to be terminally
differentiated (2-4). In culture, primary AT2 cells lose their
characteristic phenotypic hallmarks (e.g., lamellar bodies and
expression of surfactant apoproteins) (5, 6), and gradually
acquire AT1 cell features, including morphologic characteristics
and expression of phenotypic markers (e.g., aquaporin-5 and
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CLINICAL RELEVANCE

The research provides insight into transcriptional mecha-
nisms that regulate transitions between alveolar epithelial
type II and type I cells during normal maintenance of the
epithelium and repair after injury.

Tla). These observations suggest that, similar to development/
repair in vivo, AT2 cells transdifferentiate in vitro toward the
AT1 cell phenotype (6-8). However, transcriptional mechanisms
that govern activation/repression of differentiation-related genes
during transitions between AT2 and AT1 cell phenotypes in adult
lung are poorly understood.

Forkhead box (Fox) proteins constitute a family of tran-
scription factors (TF) that play important roles in the regulation
of cell fate during morphogenesis and differentiation (9). Fox
TF share a conserved winged-helix/forkhead DNA-binding
domain (10) and, while they mostly function as transcriptional
activators, they can also repress gene transcription (11, 12).
Several Fox genes are expressed in lung, where they have been
implicated as important regulators of lung-specific promoters
(e.g., surfactant protein [SP]-B, Clara cell secretory protein
[CC10], and Nkx2.1/thyroid transcription factor-1 [TTF-1]) (11,
13, 14). FOXP (FOXP1-FOXP4) TF constitute a novel Fox
subfamily characterized by a highly divergent forkhead DNA-
binding domain (15). Mutations in this DNA-binding domain
are implicated in a number of developmental disorders (16-19).

Foxpl, Foxp2, and Foxp4 are expressed at high levels in
embryonic and adult mouse lung and function as sequence-
specific transcriptional repressors (20). Foxpl and Foxp4 are
expressed in both proximal and distal airway epithelium, while
Foxp2 becomes progressively restricted to distal lung epithe-
lium during development (11, 20). Foxp2 has been shown to
repress the promoters of lung-enriched genes (CC10 and SP-C)
through a homologous N-terminal repression domain that is
shared by Foxp1l and Foxp4 (11), suggesting a role in restriction
of expression to specific cell types within the respiratory epithe-
lium. Foxp2 has also been shown to interact synergistically with
the co-repressor CtBP-1 to inhibit transcription (21). However,
mutation of the CtBP-1site in Foxp1 and Foxp2 did not alter their
ability to repress transcription, suggesting that CtBP-1 is not
essential for transcriptional repression. Additional mechanisms
underlying transcriptional repression mediated by Foxp TF,
including possible DNA-independent interactions with other
TF, have not been investigated.

TTF-1 is a member of the Nkx2 class of homeodomain-
containing TF that is essential for lung morphogenesis and a
critical determinant of lung epithelium-specific gene expression
(22, 23). Nkx2.1 is found primarily in AT2 cells and is not
expressed in AT1 cells (24-26). Nkx2.1 transactivates the AT2
cell-specific SP-C gene through a conserved critical proximal
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binding site located —186/—163 bp upstream of the transcrip-
tion start site (27, 28). Although transcriptional activation of
SP-C by Nkx2.1 and interacting co-activators (e.g., GATA-6
[29], NFI [30], TAZ [31] and Erm [32]) has been extensively
investigated, mechanisms involved in down-regulation of SP-C
(such as during transition of alveolar epithelial cells [AEC]
from the AT2 to the AT1 cell phenotype) are largely unknown.
In particular, potential interactions between Nkx2.1 and tran-
scriptional repressors (e.g., FoxP TF) in this process have not
been examined.

Fox TF have been shown to interact with a number of
homeodomain proteins to regulate transcription (33, 34). Al-
though interactions between Fox and homeodomain TF are
usually stimulatory, this interaction has been reported in some
instances to be inhibitory (e.g., between Foxa2/engrailed and
Foxa2/Otx2) (34, 35), possibly by preventing binding of the
interacting partner with DNA. In this regard, Foxa2 has recently
been shown to interact with Nkx2.1 to repress expression of SP-C
through a DNA-independent mechanism (36). In the current
study, we investigated the role of Foxp2 in regulating expression
of SP-C through potential inhibitory interactions with Nkx2.1.

MATERIALS AND METHODS

Cell Isolation and Preparation of AEC Monolayers

AT?2 cells were isolated from adult male Sprague-Dawley rats by
disaggregation with elastase (2.0-2.5 U/ml; Worthington Biochemical,
Freehold, NJ), followed by differential adherence on IgG-coated
bacteriological plates (37). Freshly isolated AT2 cells were plated in
minimal defined serum-free medium (MDSF) consisting of Dulbecco’s
modified Eagle’s medium and Ham’s F12 nutrient mixture in a 1:1 ratio
(DME-F12), supplemented with 1.25 mg/ml bovine serum albumin
(BSA), 10 mM HEPES, 0.1 mM nonessential amino acids, 2.0 mM
L-glutamine, 100 U/ml sodium penicillin G, and 100 p.g/ml streptomy-
cin. Cells were seeded onto 0.4-pm pore polycarbonate filter cups
(Transwell; Corning, Corning, NY) at 1 X 10° cells/cm?. AT2 cell purity
(> 90%) was assessed by staining freshly isolated cells with an antibody
(AD) to p180 lamellar membrane protein (Covance Research Products,
Berkeley, CA). MLE-15 cells (J. Whitsett, University of Cincinnati [38])
were cultivated in HITES medium ((RPMI 1640 medium; Invitrogen,
Carlsbad, CA) supplemented with 10 nM hydrocortisone, 5 pg/ml
insulin, 5 pg/ml human transferrin, 10 nM B-estradiol, 5 pg/ml selenium,
2 mM L-glutamine, 10 mM HEPES, 100 U/ml penicillin, 100 pwg/ml
streptomycin; and 4% fetal bovine serum (FBS) (Atlanta Biologicals,
Lawrenceville, GA)).

Plasmids

SP-C-3.7-Luc contains the 3.7-kb human SP-C promoter in pGL2Basic
(Promega, Madison, WI). pRC/CMV/Nkx2.1 contains the 2.3-kb
human Nkx2.1 cDNA in pRC/CMV (Invitrogen). p318 muSP-C-Luc
contains -318 to +18 of the murine SP-C promoter cloned into Smal/
Xhol sites of pGL2Basic. pM3/Nkx2.1 contains the full-length 2.3-kb
human Nkx2.1 cDNA inserted in pM (Clontech, Mountain View, CA).
pGEX-2T-Nkx2.1 contains Nkx2.1 cDNA (either full-length or specific
domains) inserted in pGEX-2T (Amersham Pharmacia Biotech, Piscat-
away, NJ). pCMV/Tag2B/Foxp2 contains the mouse Foxp2 cDNA.
pRC/CMV/Foxp2 was generated by inserting Foxp2 cDNA from
pCMV/Tag2B/Foxp2 into BamHI/Apal sites of pRC/CMV. pVP16/
Foxp2 contains Foxp2 cDNA excised from pCMV/Tag2B/Foxp2 and
inserted in-frame into the EcoRI site of pVP16 (Clontech). pPGEX-4T-
1-Foxp2 contains Foxp2 cDNA inserted in-frame into the EcoRI site of
pGEX-4T-1 (Amersham Pharmacia Biotech). pFR-Luc is from Stra-
tagene (La Jolla, CA).

Co-Transfection Assays

Transient transfections in MLE-15 cells were performed using Super-
Fect reagent (Qiagen, Valencia, CA). MLE-15 cells were seeded at 6 X
10* cells/well in 24-well plates 1 day before transfection. Cells were
transfected with 0.75 pg of SP-C-3.7-Luc reporter and pRC/CMV/
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Nkx2.1 and pCMV/Tag2B/Foxp2 in equal amounts (0.15 pg) or
corresponding empty expression vectors. To evaluate dose-dependence
of Foxp2 repression on trans-activation of the 3.7-kb SP-C promoter by
Nkx2.1, SP-C-3.7-Luc was co-transfected with 0.25 pg of pRC/CMV/
Nkx2.1 and increasing amounts of pCMV/Tag2B/Foxp2 (12.5-200 ng).
To determine whether Nkx2.1 could overcome repression by Foxp2,
SP-C-3.7-Luc was co-transfected with 0.15 pg of pCMV/Tag2B/Foxp2
and increasing amounts of pPRC/CMV/Nkx2.1 (3.125-50 ng). To evaluate
dose-dependence of Foxp2 repression on trans-activation of the 318-bp
SP-C promoter by Nkx2.1, p318 muSP-C-Luc was co-transfected
with 0.6 pg of pRC/CMV/Nkx2.1 and increasing amounts of pCMV/
Tag2B/Foxp2 (0-600 ng). After 24 hours, cells were harvested and firefly
luciferase activity was determined with the Dual-Luciferase reporter
assay system (Promega). Firefly luciferase was normalized to Renilla
luciferase activity.

Preparation of Nuclear Extracts for Electrophoretic Mobility
Shift Assay

NIH3T3 cells grown in 100-mm culture plates were transfected with
10 pg pCMV/Tag2B/Foxp2 expression vector using Superfect reagent
(Qiagen) (39). After 48 hours, cells were harvested in PBS. After
centrifugation, pellets (from four plates) were resuspended in 1 ml
hypotonic buffer (10 mM HEPES pH 7.5, 10 mM KCl, 3 mM MgCl,
0.05% Nonidet P-40, 1 mM EDTA pH 8.0, 10 mM NaF, and 0.1 mM
NazVOy) with 5 pl/ml protease inhibitor cocktail III (Calbiochem, San
Diego, CA) and incubated on ice for 20 minutes, followed by vortexing
for 10 seconds and centrifugation at 500 X g for 10 minutes at 4°C.
Nuclear pellets were washed twice with hypotonic buffer and lysed in
600 pl lysis buffer (100 mM HEPES [pH 7.5], 0.5 M KCl, 5 mM MgCl,,
28% glycerol, and protease inhibitor cocktail IIT) for 30 minutes on ice
with shaking. After centrifugation at 20,000 X g for 30 minutes to
remove debris, extracts were stored at —70°C. Preparation of nuclear
extracts from MLE-15 cells was performed using a kit from Panomics
(Redwood City, CA).

Electrophoretic Mobility Shift Assay

Double-stranded oligonucleotides (5'-GAGGCTTAGGCAAATATT
TAAGGGGGCA-3') spanning the conserved FoxP2 binding site in
the SP-C promoter were radioactively labeled using 3*P-ATP and
polynucleotide kinase (Invitrogen). Nuclear extracts (~ 4 pg) from
NIH3TS3 cells transfected with Foxp2 expression plasmid and approx-
imately 2 X 10° cpm of labeled oligonucleotide were incubated in
electrophoretic mobility shift assay (EMSA) buffer (20 mM Tris pH
7.5, 2 mM NaCl, 2 mM EDTA, 10% glycerol, 2 mM DTT [freshly
added] and 0.2 g poly [dI/dC]) (Amersham Pharmacia Biotech) for 20
minutes at 4°C. DNA-protein complexes were resolved from free
probe by electrophoresis on 5% nondenaturing polyacrylamide gels in
0.5X TBE (1X TBE: 89 mM Tris, 49 mM boric acid, 2 mM EDTA).
Two mutant oligonucleotide probes (5'-GAGGCTTAGGCGCGTAT
TTAAGGGGCA-3' and 5'-GAGGCTTAGGCAAGCGCTTAAGG
GGCA-3") were used for competition. For supershift, nuclear extracts
were pre-incubated with Foxp2 antibody at room temperature for
20 minutes before addition of radiolabeled probe. For competitive
EMSA, 5 to 10 ng of nuclear extract was incubated in buffer C (12 mM
HEPES, pH 7.9, 25 mM KCI, 5 mM MgCl, 1 mM EDTA, 50 ng/ml poly
[dI/dC] [Roche Applied Science, Indianapolis, IN], 10% glycerol, 1
mM dithiothreitol, and 0.5 mM fresh phenylmethylsulfonyl fluoride)
for 10 minutes on ice. To test the ability of Foxp2 to compete with Nkx2.1
binding to its cognate binding site in the SP-C promoter, nuclear extracts
were first incubated with increasing amounts of unlabeled purified
glutathione-S-transferase (GST)-Foxp2 (1, 2, 4, and 6 pg) or GST alone
for 20 minutes. 33P-labeled oligonucleotide (5'-TAGGCCAAGGGC
CTTGGGGCTCT-3') containing the Nkx2.1 binding site of the SP-C
promoter (-186/-183) (27) was added and incubated for 15 minutes onice.

Mammalian Two-Hybrid Assay

The luciferase reporter pFR-luc was co-transfected with pM3/Nkx2.1
and pVP16/Foxp2 into MLE-15 cells using SuperFect reagent (Qiagen)
(36). Transfection controls included combinations of pM3+pVP16,
pM3+pVP16/Foxp2, and pM3/Nkx2.1+pVP16. Cells were harvested
48 hours after transfection, and luciferase activity was analyzed with
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the Galacto-Light kit (TROPIX, Bedford, MA) and normalized to -
galactosidase activity.

Co-Immunoprecipitation

Nuclear extracts harvested from MLE-15 cells were precleared with
IgG and Protein A/G beads. One hundred fifty microliters of Protein
A/G plus-agarose beads (Santa Cruz Biotechnology, Santa Cruz, CA)
were prewashed with 750 pl IP Low Wash Buffer (Active Motif,
Carlsbad, CA) three times and resuspended in 120 pl IP Low Wash
Buffer. For co-immunoprecipitation (co-IP) of Foxp2 with Nkx2.1,
nuclear extracts were incubated with anti-Nkx2.1 monoclonal antibody
(Lab Vision, Fremont, CA) or with mouse IgG (control) in IP Low
Wash Buffer overnight at 4°C. After adding 150 pl prewashed Protein
A/G beads, incubation was continued for an additional 4 hours at 4°C
followed by centrifugation at 3,000 rpm for 30 seconds. Pelleted beads
were washed and resuspended in 30 pl of 4X sodium dodecyl sulfate
(SDS) loading buffer (240 mM Tris pH 6.8, 26% glycerol, 0.1% DTT,
8% SDS, and 0.06% bromophenol blue) followed by boiling for 5
minutes. Supernatants were collected and applied to 7.5% gels for
electrophoresis and subsequent Western analysis with polyclonal anti-
Foxp2 Ab (Abcam, Cambridge, MA). For co-IP of Nkx2.1 with Foxp2,
nuclear extracts were incubated with rabbit polyclonal anti-Foxp2 Ab
or rabbit IgG. Western blotting was performed using anti-Nkx2.1
monoclonal antibody.

Purification of GST Fusion Proteins

Escherichia coli 121 bacteria harboring pGEX-2T-Nkx2.1 (either full-
length or specific domains) or pGEX-4T-Foxp2 were grown in 15 ml of
LB media overnight. Five milliliters of bacteria were transferred to 250
ml LB medium and grown to an optical density of 0.7 to 0.8 followed by
addition of isopropyl B-D-1-thiogalactopyranoside (IPTG) (1 mM final)
and growth at 28°C for 2 hours to induce fusion protein expression.
Bacteria were pelleted, resuspended in 35 ml phosphate buffered saline
(PBS, pH 7.2), and sonicated (2 min X 2), followed by addition of 1.5 ml
20% Triton-X 100 and incubation for 30 minutes at 4°C. After centrifu-
gation for 10 minutes at 12,000 X g, supernatants were transferred to
a new 50-ml tube followed by addition of 50% glutathione-sepharose
4 Fast Flow Beads (Amersham Pharmacia Biotech) and rotation for
30 minutes at room temperature. The mixture was transferred to Poly-
Prep Chromatography Columns (Bio-Rad, Hercules, CA). GST fusion
proteins were eluted with elution buffer (10 mM glutathione in 50 mM
Tris-HCl at pH 8.0) after washing the column three times with 2 ml PBS,
and dialyzed in PBS at 4°C overnight.

GST Pull-Down Assay

Nkx2.1 and Foxp2 proteins were synthesized by in vitro translation
using plasmids pRC/CMV/Nkx2.1 and pRC/CMV/Foxp2 in the pres-
ence of methionine using TNT T7 Quik Coupled Transcription/Trans-
lation Reaction kit (Promega) (36). Translated Nkx2.1 and Foxp2 were
precleared by incubation with glutathione-sepharose. To evaluate the
interaction between Nkx2.1 and Foxp2, in vitro translated Nkx2.1 was
incubated with GST-Foxp2 fusion protein-adsorbed glutathione-
sepharose in binding buffer containing 50 mM Tris-HCl, 120 mM
NaCl, 2 mM EDTA, and 0.1% NP-40 for 1 hour at room temperature.
After extensive washing, adsorbed protein complexes were boiled and
analyzed by Western blotting using anti-Nkx2.1 Ab (Lab Vision). GST-
adsorbed glutathione-sepharose was used as control. To determine
which domain of Nkx2.1 interacts with Foxp2, in vitro translated Foxp2
was incubated with GST-Nkx2.1 full-length, GST-N-terminal, GST-
homeodomain, or GST-C-terminal Nkx2.1 fusion protein—adsorbed
glutathione-sepharose in binding buffer for 1 hour at room tempera-
ture. After extensive washing, adsorbed protein complexes were boiled
and analyzed by Western blotting using anti-Foxp2 Ab (Abcam).

Chromatin Immunoprecipitation

Day 1 (D1) and D8 rat AEC cultivated in MDSF were directly
crosslinked with formaldehyde (1% final concentration) by incubating
for 10 minutes at room temperature, followed by addition of glycine to
0.125 M for an additional 5 minutes (40). Cell pellets were collected by
centrifugation after rinsing twice with PBS, resuspended in hypotonic

buffer (10 mM HEPES pH 7.8, 10 mM KCl, 1.5 mM MgCl,, and 5 pl/ml
protease inhibitor cocktail III), and incubated on ice for 10 minutes.
Nuclear pellets were collected by centrifugation and resuspended in
nuclear lysis buffer (1% SDS, 50 mM Tris-Cl pH 8.0, 10 mM EDTA,
and 5 pl/ml protease inhibitor cocktail III). DNA was sheared by
sonication to yield soluble chromatin. For immunoprecipitation (IP),
2 g goat anti-Foxp2 Ab (Novus Biologicals, Littleton, CO), or 2 pg
goat IgG (Santa Cruz Biotechnology), and 40 g chromatin were
incubated in IP dilution buffer (0.01% SDS, 20 mM Tris-Cl pH 8.0,
1.1% Triton X-100, 167 mM NaCl, and 1.2 mM EDTA) at 4°C
overnight. Complexes were recovered by incubating with 20 pl protein
A/G Plus-agarose beads (Santa Cruz Biotechnology) preblocked with
sonicated salmon sperm DNA and BSA, at 4°C for 2 hours. After
repeated washes, immunocomplexes were eluted from beads by in-
cubation with 150 wl IP elution buffer (1% SDS with 0.1 M NaHCOs3).
NaCl (0.3 M final) was added to eluted samples and heated at 65°C
overnight to reverse DNA-protein crosslinks. DNA was recovered by
phenol-chloroform extraction and ethanol precipitation and resus-
pended in 30 pl TrissEDTA. PCR was performed using primers
(forward 5'-GAAAACTAGCTCCCCTCTCC-3' and reverse 5'-CAG-
CATGGCATCTGAGATG-3') spanning the conserved FoxP2 binding
site in the rat SP-C promoter. For input DNA, the chromatin prepa-
ration not incubated with antibodies was subjected to PCR. PCR
reactions for amplifying the FoxP2 binding site were performed in
a volume of 50 p.l containing 50 mM Tris-HCl pH 8.3, 0.15 mM MgCl,,
1X TagMaster, 200 pm dNTPs, 0.5 wl Taq polymerase (Eppendorf,
Westbury, NY) and 1 pwM primer for 30 cycles (45 s denaturation
[95°C], 45 s annealing [57°C], and 1 min extension [72°C]). PCR
products were resolved and visualized with ethidium bromide. The
expected size of the PCR product is 150 bp.

Western Analysis

Total protein was harvested in SDS sample buffer (2% SDS, 10%
glycerol, 5% B-mercaptoethanol, pH 6.8) from AEC monolayers in
MDSF on DO, D1, D3, D5, and D8 and protein concentrations were
measured using the DC Protein Analysis System (Bio-Rad). Samples
were resolved by SDS-PAGE and electrophoretically blotted onto
Immuno-Blot polyvinylidene fluoride (PVDF) membranes (Bio-Rad).
Membranes were blocked in 5% nonfat dry milk for Nkx2.1 and pro-
SP-C immunoblotting or 1% BSA for FoxP2 immunoblotting followed
by incubation with primary Abs (1:1,000 for anti-Nkx2.1 [NovoCastra,
Norwell, MA], 1:500 for anti-pro-SP-C [Millipore, Billerica, MA],
and 1:250 for anti-Foxp2 [20]) at 4°C overnight. After washing with
TBS-T (20 mM Tris-7.5, 0.5 M NaCl, 0.01% Tween-20), blots were
incubated with horseradish peroxidase-linked anti-IgG conjugates
(Promega) for 45 minutes at room temperature. Complexes were
visualized by SuperSignal West Femto Maximum Sensitivity Substrate
(Pierce, Rockford, IL) for pro-SP-C and FoxP2, and enhanced
chemiluminescence (ECL) (Amersham Pharmacia Biotech) for
Nkx2.1 with an Alpha Ease Imaging System (Alpha Innotech, San
Leandro, CA).

Statistical Analysis

Data are shown as mean * SEM, where (n) is the number of observa-
tions. We used z-tests to determine if the ratiometric data (i.e.,
normalized against control) were different from controls. We performed
one-way ANOVA followed by post hoc comparisons of group means
using the Newman-Keuls-Student procedure. P < 0.05 was considered
significant.

RESULTS

Foxp2 Represses Nkx2.1-Induced SP-C Promoter Activity

Nkx2.1 is known to activate SP-C through a proximal Nkx2.1-
binding site in both human and mouse SP-C promoters (27, 28).
To investigate potential interactions between Foxp2 and
Nkx2.1 in regulating expression of SP-C, MLE-15 cells were
co-transfected with a luciferase reporter construct containing
the 3.7-kb human SP-C promoter (3.7-SP-C-Luc) together with
combinations of Foxp2 and Nkx2.1 expression plasmids. As



Zhou, Zhong, Minoo, et al.: Foxp2 Inhibits SP-C Activation by Nkx2.1

shown in Figure 1A, co-transfection of Nkx2.1 alone activates
3.7-SP-C-Luc approximately 3-fold compared with empty vector.
Co-transfection of Foxp2 alone has only a minimal effect on
basal reporter activity, although higher amounts of Foxp2 (0.75
wg) reduced reporter activity by approximately 60% as pre-
viously reported (11). When co-transfected together with
Nkx2.1, Foxp2 blunted the Nkx2.l1-mediated stimulation by
approximately 70%. Furthermore, transfection of increasing
amounts of Foxp2 expression plasmid causes a dose-dependent
reduction in frans-activation of SP-C by Nkx2.1 (Figure 1B),
which could be rescued by transfection of increasing amounts of
Nkx2.1 (Figure 1C). Of note, overexpression of Foxp2 did not
alter endogenous Nkx2.1 protein levels (data not shown).

Foxp2 Represses Nkx2.1-Mediated Stimulation of the Mouse
318-bp SP-C Proximal Promoter

To further evaluate whether Foxp2-mediated attenuation of SP-
C stimulation by Nkx2.1 was dependent on direct Foxp2 binding
to the SP-C promoter, we transfected MLE-15 cells with a 318-
bp SP-C-luciferase construct (which does not contain a Foxp2
binding site). Cells were co-transfected with pRC/CMV/Nkx2.1
and increasing amounts of pCMV/Tag2B/Foxp2. As shown in
Figure 2A, Foxp2 alone decreased transcriptional activity of the
318-bp SP-C-Luc construct approximately 40%. Furthermore,
Foxp2 antagonized Nkx2.1-mediated trans-activation of the 318-bp
SP-C promoter in a dose-dependent fashion, with approximately
3-fold repression observed with the 600-ng dose (Figure 2B). These
results suggest that Foxp2 attenuates Nkx2.1-mediated activation of
SP-C via direct interaction with Nkx2.1 and without a requirement
for binding to a Foxp2 DNA motif.
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Figure 2. Foxp2 represses transcriptional activation of mouse 318-bp
SP-C promoter by Nkx2.1. The 318-bp mouse SP-C luciferase construct
was co-transfected into MLE-15 cells with Foxp2 (pCMV/Tag2B/Foxp2)
and empty vector pCMV/Tag2B (A) or 600 ng pRC/CMV/Nkx2.1 and
increasing amounts of pCMV/Tag2B/Foxp2 (0-600 ng) (B). Firefly
luciferase was measured 24 hours after transfection and normalized
to Renilla luciferase activity. Data represent mean = SEM, with n = 3.
*P < 0.05 compared with empty vector (A) or no Foxp2 (B).

Interactions between Nkx2.1 and Foxp2 by Mammalian
Two-Hybrid Assay and Co-IP

To investigate potential interactions between Nkx2.1 and Foxp2,
mammalian two-hybrid assay was performed in MLE-15 cells.
The luciferase reporter pFR-luc was co-transfected with pM3/
Nkx2.1 and pVP16/Foxp2, a Gal4 DNA-binding domain fusion
protein and VP16 DNA trans-activation domain fusion protein,
respectively. As shown in Figure 3, luciferase activity increased
significantly after transfection of pM3/Nkx2.1 and pVP16/Foxp2
compared with controls, suggesting interaction between Nkx2.1
and Foxp2. Consistent with these results, co-IP assays using either
anti-Nkx2.1 Ab or anti-Foxp2 Ab for IP demonstrated associa-
tion between endogenous Nkx2.1 and Foxp2 in MLE-15 cells
(Figure 4).

Foxp2 Interacts Directly with the Nkx2.1 Homeodomain

To test whether Nkx2.1 and Foxp2 interact directly, in vitro
GST pull-down assays were performed. In vitro-translated
Nkx2.1 was incubated with immobilized GST-Foxp2 or GST as
control, and the presence of Nkx2.1 after pull-down with GST-
Foxp2 was tested by Western analysis. As shown in Figure 5A,
full-length Nkx2.1 interacts with GST-Foxp2 but not with GST
alone. Western analysis (Figure 5C) demonstrates full-length
GST-Foxp2 used as input. These results suggest that Foxp2
could inhibit Nkx2.1 activity upon target genes by directly
interacting with Nkx2.1 domains that otherwise interact with
DNA or with co-activators, thereby disrupting the function of
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Figure 3. Interaction be-
¥ tween Nkx2.1 and Foxp2
by mammalian two-hybrid
assay. The luciferase re-
porter pFR-luc (1 wg) was
co-transfected with pM3/
Nkx2.1 (0.05 pg) and
0 pVP16/Foxp2 (1.5 pg) into

NN
o o

Relative luciferase
activity
P
o O,

3]

pFR-luc + + + + MLE-15 cells. Transfection

pM3 + + controls included pM3+

pVvP16 + - + - pVP16, pM3+pVP16/
pM3/Nkx2.1 N N + Foxp2, and pM3/Nkx2.1+
pVP16/Foxp2 - + . pVP] 6. Flreﬂy luciferase

activity was measured 48
hours after transfection and normalized to pSV-B-gal. Data represent
mean * SEM, with n = 6. *P < 0.05 compared with all other conditions.
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Figure 4. Co-immunoprecipitation of Nkx2.1 and Foxp2. IP was

performed with nuclear extracts harvested from MLE-15 cells using
either anti-Foxp2 Ab (A) or anti-Nkx2.1 Ab (B) and analyzed by Western
blotting. Representative Western blots (n 3) demonstrate that
Nkx2.1 is detected in protein complexes immunoprecitated by anti-
Foxp2 Ab (lane 2), and that Foxp2 can be detected in protein
complexes immunopreciptated by anti-Nkx2.1 Ab (lane 4), demon-
strating an association between Foxp2 and Nkx2.1. Lanes T and 3 are
negative controls (IgG at an equivalent concentration to the respective
precipitating Ab).

Nkx2.1. To address these possibilities, pull-down assays were
performed with in vitro-translated Foxp2 and GST fusion proteins
containing different domains of Nkx2.1. Results demonstrate that
Foxp2 interacts directly with the Nkx2.1 homeodomain but not
with the C- or N-terminal domains (Figure 5D). GST-fusion
proteins encompassing different Nkx2.1 domains used as input
(Figure 5E) are as previously described (36).

AMERICAN JOURNAL OF RESPIRATORY CELL AND MOLECULAR BIOLOGY VOL 38 2008

Foxp2 Inhibits Nkx2.1 DNA-Binding Activity

Because Foxp2 interacts with the DNA-binding homeodomain
of Nkx2.1, we tested by competitive EMSA (Figure 6) whether
Foxp2 inhibits Nkx2.1 DNA-binding activity. As previously
reported (27), nuclear extracts from MLE-15 cells (which strongly
express Nkx2.1) form a complex with a —186/—163 SP-C promoter
probe spanning the consensus Nkx2.1 motif (Figure 6, lane 2).
Increasing amounts of recombinant GST-Foxp2 fusion protein
inhibited formation of the Nkx2.1-DNA complexes in a dose-
dependent manner (Figure 6, lanes 10-13), while the same
amounts of GST alone had no effect on complex formation
(Figure 6, lanes 5-8). These results suggest that Foxp2 suppresses
SP-C transcription by preventing Nkx2.1 from binding to the
SP-C proximal promoter.

FoxP2 Directly Binds to Conserved Consensus Binding Site in
the SP-C Promoter

To further explore the mechanisms underlying effects of Foxp2
on SP-C expression, we examined interactions of Foxp2 with
the SP-C promoter. Analysis of the 3.7-kb sequence of the
human SP-C promoter identified a putative Foxp2-binding site
(5'-GCAAATA-3")located at nucleotide —1724 to —1718, which
is conserved among human, rat, and mouse (Figure 7A). EMSA
and ChIP assays were performed to determine whether Foxp2
interacted with this site using nuclear extracts from NIH3T3 cells
transfected with a Foxp2 expression plasmid in vitro or cross-
linked chromatin from AT1-like cells in vivo, respectively. These
nuclear extracts formed a shifted DNA-protein complex with
alabeled oligonucleotide encompassing the conserved Foxp?2 site
from the SP-C promoter (Figure 7B, lanes 2 and 7). The complex
could be competed with unlabeled probe (Figure 7B, lanes 3 and
4) and by anti-Foxp2 Ab (lane 8), but not by mutated probe (lanes
5 and 6) or IgG (lane 9). Furthermore, ChIP assays showed that
Foxp2 occupies its conserved motif at the SP-C promoter in
primary AEC cultures. This occupancy is not observed in AT2
cells on D1, but is clearly present on D8 after transdifferentiation
to the AT1 cell-like phenotype (Figure 7C).

Figure 5. Physical interactions be-

A L £_s M Rd D L2994 58l FM K tween Nkx2.1 and Foxp2 in GST pull-
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transfected with pCMV/Tag2B/Foxp2.
Bound Foxp2 was visualized by West-
ern blotting using anti-Foxp2 Ab. (E)
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down of FoxP2.
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Figure 6. Foxp2 interferes with binding of Nkx2.1 to the SP-C
promoter. Electrophoretic mobility shift assay (EMSA) was performed
with nuclear extracts from MLE-15 cells and 33P-labeled oligonucleo-
tides encompassing the Nkx2.1 DNA-binding site on the SP-C pro-
moter. The nucleoprotein complexes formed (lane 2) can be competed
by cold competitor (40X) (lane 3). Addition of increasing amounts (1,
2, 4, 6 ng) of GST-Foxp2 proteins (lanes 10-13), but not GST alone
(lanes 5-8), interferes with nucleoprotein complex formation in a dose-
dependent fashion. GST-Foxp2 (lane 4) and GST (lane 9) proteins do
not form a complex with the oligonucleotide probe. Lane 1 is probe
only.

Reciprocal Relationship of FoxP2 and Nkx2.1 during AT2 to
AT1 Cell Transition In Vitro

We examined changes in expression of FoxP2 and Nkx2.1
accompanying transition of rat AT2 cells toward the AT1 cell
phenotype (5, 6) by Western analysis. As shown in Figure 8A,
pro—SP-C is expressed at high levels in freshly isolated AT2
cells and declines dramatically by D1. Nkx2.1 protein is abun-
dantly expressed in freshly isolated AT2 cells and declines
gradually over time in culture through D8 (Figure 8B). In
contrast, FoxP2 protein is not expressed on DO, increases
markedly by D1, and remains elevated through D8 (Figure 8C).
FoxP2 increases 2.21-fold between DO and D1 relative to the
decline in Nkx2.1 over this period, and this relative ratio increases
to approximately 5-fold on D5 and D8 (Figure 8D). Together with
the results of EMSA and ChIP, these findings suggest that relative
levels of and interactions between FoxP2 and Nkx2.1 may be
particularly important for down-regulation of SP-C early in the
transition from AT2 to AT1 cell phenotype (between DO and
D3), while direct binding of FoxP2 to its cognate binding site may
predominate to repress SP-C on later days in AT1-like cells once
Nkx2.1 levels have already declined.

DISCUSSION

To elucidate transcriptional mechanisms involved in down-
regulation of SP-C during phenotypic transition of AT2 to
AT1 cells, we examined the involvement of the forkhead/
winged helix TF Foxp2 and its interactions with the homeo-
domain protein Nkx2.1, the major transcriptional activator of
SP-C. Foxp2 repressed Nkx2.1-mediated activation of the 3.7-
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Figure 7. Foxp2 binds to a conserved consensus site in the SP-C
promoter in vitro. (A) Conserved Foxp2 consensus binding site among
rat, mouse, and human. (B) EMSA was performed using nuclear
extracts (NE) from NIH3T3 cells transfected with pCMV/Tag2B/Foxp2
and a 33P-labeled oligonucleotide probe spanning the conserved FoxP2
binding site in the rat SP-C promoter. Arrow indicates formation of
a shifted complex between Foxp2 and the labeled probe (/lanes 2 and 7),
which can be attenuated by 50- and 100-fold excess cold competitor
(lanes 3 and 4) and FoxP2 Ab (lane 8), but not by mutated oligonuceo-
tides (m1 and m2) (lanes 5 and 6) or IgG (lane 9). Lane 1 is probe only. (C)
FoxP2 interacts with putative binding site in the SP-C promoter by
chromatin immunoprecipitation (ChIP). ChIP assays were performed
with soluble chromatin harvested from AEC on D1 and D8. PCR was
performed after IP with either a polyclonal anti-Foxp2 Ab (lane 5) or
control rabbit IgG (lane 4) with primers amplifying the FoxP2 consensus
binding sequence in the rat SP-C promoter. Input designates PCR
product derived from chromatin that was not subjected to IP. Different
dilutions of input DNA demonstrate that PCR products are within the
dynamic range (lanes 1-3). Lane 6 indicates PCR without template DNA.
Results are representative of three separate experiments.

kb SP-C promoter in a dose-dependent fashion in transient
transfection assays, suggesting that these TF interact. In addi-
tion, Foxp2 inhibited Nkx2.1-mediated transactivation of a tran-
siently transfected 318-bp proximal SP-C promoter that lacks
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Figure 8. Expression of SP-C, FoxP2, and Nkx2.1 during
transdifferentiation of AEC in vitro. Total protein was
harvested from freshly isolated AT2 cells (DO) or from

AEC on D1, D3, D5, and D8 in primary culture and
analyzed by Western blotting. Representative Western
blots from at least three different experiments and densi-
tometric analyses are shown for SP-C (A), Nkx2.1 (B), and
FoxP2 (C). D shows the ratio of the change in FoxP2
relative to the change in Nkx2.1 expression levels from DO
to D1, D3, D5, and D8. Data represent mean * SEM of
more than three different experiments. *P < 0.05 and
**P < 0.01 compared with DO.
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a putative Foxp2 consensus site, further suggesting that Foxp2
and Nkx2.1 interact. Using several complementary approaches,
we demonstrated that Foxp2 and Nkx2.1 associate through
a direct interaction between Foxp2 and the Nkx2.1 homeodo-
main. Competitive EMSA demonstrated that a GST-Foxp2
fusion protein prevented formation of Nkx2.1-DNA complexes
in a dose-dependent manner. However, examination of the
human SP-C promoter revealed a putative consensus FoxP
binding site at —1724/—1718 that is conserved among rat,
mouse, and human, leading us to further examine whether
Foxp?2 also interacts with this site in vitro and in vivo. Binding of
Foxp2 to this site was demonstrated by EMSA as well as ChIP
assay in primary AT1 cell-like cultures on D8, suggesting that
repression of SP-C by FoxP2 may also involve direct binding to
DNA. Western analysis demonstrated reciprocal changes in
expression of Nkx2.1 and Foxp2 concurrent with down-regula-
tion of SP-C during transition of AT2 cells toward the AT1 cell-
like phenotype in vitro. These results suggest that attenuation of
SP-C transcription by FoxP2 over time in culture is likely
mediated by both DNA-dependent and -independent mecha-
nisms and leads to a model in which the relative balance
between FoxP2 and Nkx2.1 determines cell-specific effects. In
this model, in AT2 cells containing abundant Nxk2.1 but low
levels of FoxP2, SP-C is transcriptionally activated by Nkx2.1.
As cells transition toward the AT1 cell phenotype, increasing
levels of FoxP2 lead to greater interaction with Nkx2.1,
preventing interaction of the Nkx2.1 homeodomain with DNA
and leading to down-regulation of SP-C. Reciprocally, in AT1
cells that express abundant FoxP2 and low or no Nkx2.1,

binding of FoxP2 to its cognate DNA-binding site predomi-
nates, leading to direct repression of SP-C.

Although Fox proteins generally act as transcriptional
activators/co-activators, members of the Foxp subfamily have
been shown to function as transcriptional repressors of CC10
and SP-C promoters (11, 20). However, mechanisms underlying
repression of SP-C by Foxp2 were not fully elucidated. In the
current study, we demonstrate a novel interaction between
Foxp2 and Nkx2.1 that disrupts Nkx2.1 binding and attenuates
Nkx2.1-mediated transactivation of SP-C. Since Foxp2 does not
bind to the Nkx2.1 oligonucleotide used in EMSA, these results
suggest that interaction between Foxp2 and Nkx2.1 leads to
dissociation of the Nkx2.1 homeodomain from DNA, implicat-
ing more than one mechanism of inhibition of SP-C transcrip-
tion by Foxp2. In a recent study, deletion of Foxp2 in the mouse
resulted in defects in postnatal alveolarization, although levels
of SP-C were unchanged at E18.5 (41). Lack of an effect on SP-
C expression during development in Foxp2~/~ mice may reflect
functional redundancy among Foxp and possibly other Fox TF
that interact with Nkx2.1 (e.g., Foxal and FKHR) (36, 42).
Indeed, loss of one allele of Foxp1 in addition to a complete loss
of Foxp2 leads to increased severity of lung epithelial defects in
compound mutants, including respiratory failure at birth (41).

Foxp2 consists of a winged-helix DNA-binding domain and
two functionally and structurally independent transcriptional
repression subdomains located in the N-terminal region and
containing various protein—protein interaction motifs, including
a zinc finger and a putative leucine zipper, suggesting the
potential for interaction with other TF with either activator or



Zhou, Zhong, Minoo, et al.: Foxp2 Inhibits SP-C Activation by Nkx2.1

repressor functions (21). Co-regulation of target genes by Fox
TF and homeodomain proteins have been shown to play an
important role in regulation of tissue-specific gene expression
and morphogenesis (43, 44). Interactions among these TF may
be cooperative, resulting in enhancement, or antagonistic,
leading to attenuation, of DNA binding/transcriptional activity.
Occasionally, the same TF can function as either activator or
repressor, depending on the specific cellular context (38, 45-47).
In this regard, Foxal was recently shown to differentially
regulate the CC10 and SP-C promoters based on the presence
or absence of functional Fox-binding sites in the respective
promoters (36). These findings demonstrate that Fox TF can
either inhibit or activate transcription depending on the specific
cellular context, interacting partner, and target gene.

Nkx2.1 is characterized by a 60—amino acid region involved
in DNA binding (the homeodomain), an N-terminal domain
and the C-terminal Nk-2—specific domain (NK-2-SD) (48). All
three domains have been implicated in recruiting transcriptional
regulators that function as co-factors to regulate target gene
expression in both a gene- and cell-specific manner (29, 31, 49).
Interactions of homeodomain proteins in general, and of Nkx2.1
in particular, with co-factors generally lead to transcriptional
activation (30-32). However, two recent reports demonstrate
interactions between Nkx2.1 and Smad3 or FOXAL that atten-
uate SP-B and SP-C gene transcription, respectively (36, 50). In
the current study, we have described a direct interaction between
Nkx2.1 and Foxp2 that attenuates transcriptional activity of
Nkx2.1, indicating that the particular interacting partner de-
termines gene expression in a cell-specific context. Interaction
between Foxp2 and Nkx2.1 was evaluated in several different
ways, including co-immunopreciptation, mammalian two-hybrid
assay and GST pull-down. Studies demonstrating interactions
between Foxp2 and Nkx2.1 were for the most part performed in
the MLE-15 cell line, which is of mouse origin. The MLE-15 cell
line was used since it is one of the few distal epithelial cell lines
that express both Nkx2.1 and SP-C. However, changes in levels of
expression of TF and SP-C were evaluated in primary rat AEC
(Figures 7C and 8) because they have been better characterized
as a model of AEC transdifferentiation in vitro than mouse AEC.
Ongoing studies, however, suggest that mouse and rat AEC be-
have similarly when cultured on appropriate substrata, forming
high-resistance monolayers and demonstrating reciprocal changes
in phenotype-specific markers over time. Two-hybrid assay dem-
onstrated a significant increase in luciferase activity of the reporter
construct pFR-luc (Figure 3) after cotransfection of pM3/Nkx2.1
and pVP16/Foxp2. Some activation of the luciferase reporter was
observed after co-transfection of pM3/Nkx2.1 and pVP16 com-
pared with pM3 or pVP16 individually. A similar increase was
observed in a previous study investigating interactions between
Foxa2 and Nkx2.1 (36) using the same pM3/Nkx2.1 construct,
suggesting that Nkx2.1 alone or as part of the fusion protein may
have the ability to bind to VP16. Nevertheless, this effect is
significantly augmented by co-transfection of pVP16/Foxp2 con-
sistent with interaction between Foxp2 and Nkx2.1. This interac-
tion was further confirmed by GST pull-down assay. In this
instance, Foxp2 interacted exclusively with the Nkx2.1 homeo-
domain, which is frequently characteristic of interactions between
Fox TF and homeodomain proteins, although other co-factors
have been shown to variably interact with N-terminal, C-terminal,
or homeodomain of Nkx2.1 (29, 31, 49).

In summary, we demonstrate that, in addition to its ability to
directly repress SP-C through binding to its cognate binding site
in the SP-C promoter (11), Foxp2 interacts with the Nkx2.1
homeodomain to inhibit Nkx2.1-DNA binding and transcrip-
tional stimulation of the SP-C promoter through a DNA-
independent mechanism. As mentioned above, Foxp2 has been

757

shown to repress basal transcriptional activity of the SP-C
promoter by approximately 40% (11). Foxp2 has two inherent
transcriptional repression subdomains, supporting its ability to
repress gene expression by direct interaction with target pro-
moters. Foxp2-DNA complex formation by EMSA and more
robust occupancy of the SP-C promoter by FoxP2 on D8 than
D1 indicate that Foxp2 confers transcriptional repression in part
through direct interaction with its cognate binding site in
a DNA-dependent manner. In addition, Foxp2 inhibits tran-
scriptional activation of SP-C by Nkx2.1 by preventing in-
teraction of Nkx2.1 with its cognate DNA binding site. Since
Foxp2 itself does not bind to the Nkx2.1 oligonucleotide (Figure
6, lane 4), these findings suggest that interaction of Foxp2 with
the Nkx2.1 homeodomain provokes its dissociation from DNA
and down-regulation of SP-C. We speculate that both DNA-
dependent and -independent mechanisms function coordinately
to regulate SP-C, and that the relative levels of expression of
FoxP2 and Nkx2.1 determine which mechanism predominates
in a particular cellular context. Specifically, when levels of
FoxP2 are high relative to Nkx2.1 (e.g., in AT1 cells), DNA-
dependent mechanisms predominate due to greater binding of
FoxP2 to its cognate site as shown by ChIP. When levels of
FoxP2 are low relative to Nkx2.1 (e.g., in AT2 cells), SP-C is
activated by Nkx2.1. During transdifferentiation from AT2 to
AT1 cell phenotype (e.g., following lung injury), when levels of
FoxP2 and Nkx2.1 are intermediate, FoxP2 prevents binding of
Nkx2.1 to DNA through interactions with the homeodomain,
leading to down-regulation of SP-C in a DNA-independent
manner. These results suggest a mechanism whereby reciprocal
expression of FoxP2 and Nkx2.1, and differential interactions
between them, regulate expression of SP-C in a cell-specific
fashion to ensure suppression of AT2 cell-associated genes
during transition to the AT1 cell phenotype.
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