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Foxp1/4 control epithelial cell fate during lung development
and regeneration through regulation of anterior gradient 2

Shanru Li', Yi Wang', Yuzhen Zhang', Min Min Lu', Francesco J. DeMayo?®, Joseph D. Dekker®,
Philip W. Tucker® and Edward E. Morrisey'234*

SUMMARY

The molecular pathways regulating cell lineage determination and regeneration in epithelial tissues are poorly understood. The
secretory epithelium of the lung is required for production of mucus to help protect the lung against environmental insults, including
pathogens and pollution, that can lead to debilitating diseases such as asthma and chronic obstructive pulmonary disease. We show
that the transcription factors Foxp1 and Foxp4 act cooperatively to regulate lung secretory epithelial cell fate and regeneration by
directly restricting the goblet cell lineage program. Loss of Foxp1/4 in the developing lung and in postnatal secretory epithelium
leads to ectopic activation of the goblet cell fate program, in part, through de-repression of the protein disulfide isomerase anterior
gradient 2 (Agr2). Forced expression of Agr2 is sufficient to promote the goblet cell fate in the developing airway epithelium. Finally,
in a model of lung secretory cell injury and regeneration, we show that loss of Foxp1/4 leads to catastrophic loss of airway epithelial
regeneration due to default differentiation of secretory cells into the goblet cell lineage. These data demonstrate the importance
of Foxp1/4 in restricting cell fate choices during development and regeneration, thereby providing the proper balance of functional

epithelial lineages in the lung.
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INTRODUCTION

The tracheal and bronchiolar airways of mammals are essential for
providing defense against inhaled pathogens and external
environmental insults, such as cigarette smoke and pollution. The
pseudostratified epithelium lining the trachea and proximal
bronchiolar airways is composed of multiple cell lineages,
including secretory and ciliated epithelium as well as basal cells,
which act as progenitors for these lineages (reviewed by Morrisey
and Hogan, 2010). The molecular pathways controlling cell fate
and the precise allocation of epithelial lineages during both lung
development and lung regeneration are poorly understood. Such
insight is crucial for developing better therapeutic options for lung
diseases such as asthma and chronic obstructive pulmonary disease
(COPD).

The proximal airways of the respiratory system are lined with
several differentiated cell lineages, including secretory Clara cells,
ciliated epithelial cells, neuroendocrine cells and, in large mammals
such as humans, goblet cells. Goblet cells are large
morphologically distinct cells containing large vacuoles needed for
the secretion of mucus in response to airway irritation or injury.
Goblet cells are thought to differentiate from other secretory
lineages in the proximal airways such as Clara secretory cells (Park
et al., 2007; Chen et al., 2009). In normal proximal airways of
mammals, only a small number of goblet cells are found and in
mice this lineage is absent unless an injury or disease model is
provoked. However, in diseases such as asthma and COPD, an
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increased numbers of goblet cells generate large amounts of mucus
secretions in response to airway sensitization and to the chronic
injury/repair cycle indicative of these diseases (reviewed by Fahy,
2001; Rogers, 2003; Tagaya and Tamaoki, 2007). The molecular
pathways that regulate the cell fate of proximal airway epithelium,
which generates the proper composition of the proximal airways,
are poorly understood. However, previous studies have
demonstrated important roles for the ETS-related transcription
factor Spdef and the Notch signaling pathway (Park et al., 2007,
Chen et al., 2009; Guseh et al., 2009; Tsao et al., 2009; Rock et al.,
2011). Despite these findings, little is understood about how cell
fate decisions are regulated in the developing and regenerating
airway epithelium and whether there are factors that actively
restrict cell lineage differentiation versus those that promote
specific cell fates, such as Spdef (Park et al., 2007; Chen et al.,
2009).

Foxpl, Foxp2 and Foxp4 transcription factors are conserved
transcriptional repressors expressed in overlapping patterns in the
epithelium and mesenchymal derivatives of the developing foregut
(Shu et al., 2001; Lu et al., 2002; Shu et al., 2007). Foxp1/2/4 are
each expressed at high levels during lung development as well as
in the adult lung with Foxp1/4 being the predominant paralogs
expressed in proximal bronchiolar and tracheal epithelium (Lu et
al., 2002). Previous studies have shown that Foxp1/2 cooperatively
regulate distal lung epithelial development as well as esophageal
development (Shu et al., 2007). Foxp2™:Foxpl™ mutants express
lower levels of the key transcription factors N-myc (Mycn — Mouse
Genome Informatics) and Hopx, leading to perinatal demise (Shu
et al., 2007). However, the role of Foxp1/2/4 in development and
homeostasis of the epithelium in the proximal airways of the
respiratory system was unknown.

In this article, we show that conditional deletion of Foxp1/4 in
developing lung epithelium leads to decreased secretory cell
differentiation, in particular loss of Clara cells, but ectopic
activation of the goblet cell program, thus indicating a key role for
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these factors in controlling secretory cell fate. Using ChIP-seq and
microarray, we show that Foxp1/4 repress key factors in the goblet
cell differentiation program, including the protein disulfide
isomerase anterior gradient 2 (Agr2). Overexpression of Agr2 leads
to ectopic activation of the goblet cell gene expression program,
indicating that this gene is sufficient to drive many aspects of
goblet cell differentiation. Foxp1/4 are also required to restrict the
goblet cell differentiation program during lung secretory cell
homeostasis and regeneration after postnatal injury, as shown by
the dramatic inhibition of airway epithelial regeneration in mutants
lacking Foxp1/4 expression. Together, these data point to a crucial
role for Foxpl/4 in restricting secretory cell fate determination
during both lung development and epithelial regeneration,
indicating a pivotal role for these transcription factors in defining
epithelial cell fates within developing and regenerating foregut
derivatives.

MATERIALS AND METHODS

Animals

Shh-cre and Foxp " mice were previously generated and genotyped
as described (Harfe et al., 2004; Feng et al., 2010). Foxp4™" mice were
generated by introducing two loxP sites that flank exons 12 and13 coding
the forkhead DNA-binding domain (supplementary material Fig. S1) using
standard recombination techniques. The targeting vector was linearized and
electroporated into R1 embryonic stem (ES) cells. ES cell clones were
isolated and DNA was extracted and Southern blot analysis was performed
using both 5" and 3’ probes to verify correct integration of both loxP sites.
Two correctly targeted ES clones were injected into blastocysts to generate
chimeric mice, which were further bred to C57BL/6 mice to generate
germline transmission of the Foxp4™** allele. The neomycin cassette was
removed using Flpe mice. The Scgblal-cre mouse was generated by
homologous recombination in ES cells to insert the iCre cDNA with SV40
polyadenylation sequence at the Scgbhlal start codon. Recombination in
Scgblal-cre/R26R animals shows activity in the majority of airway
epithelial cells including the trachea, the bronchi and bronchioles. Shh-cre
and Scgblal-cre animals were used as controls in the relative experiments.
Genotypes of all mutant lines were determined by PCR amplification using
primers listed in supplementary material Table S1.

To generate SFTPC-Agr2 mice, the full mouse 4gr2 coding region was
cloned downstream of the human 3.7 kb SFTPC promoter and upstream of
a SV40 polyadenylation sequence as previously described (Tian et al.,
2011). The transgenic cassette was excised from the resulting plasmid,
purified and injected into FVBN fertilized oocytes. Transgenic positive
embryos were collected at E18.5 and genotypes using PCR primers listed
in supplementary material Table S1. Three SFTPC-Agr2 genotype-positive
animals were examined in these studies and the data were consistent
amongst all three FO founders. Genotype-negative littermates were used as
controls for these experiments. All animal procedures were performed in
accordance with the Institute for Animal Care and Use Committee at the
University of Pennsylvania.

Naphthalene injury

Eight- to ten-week-old mice were injected interperitoneally with 200 mg/kg
body weight of naphthalene dissolved in corn oil; control mice were
injected with the same volume of corn oil. At days 3, 10 and 20 after
injection, right lung lobe was collected for RNA extraction and left lobes
were inflation fixed at 25 cm H,O pressure with 10% formalin followed
by an additional 24 hours of fixation in 10% formalin. Five animals were
used for each genotype and time point tested.

Histology

Tissues were fixed in 10% formalin, embedded in paraffin wax and
sectioned at a thickness of 5 um. Hematoxylin and Eosin (H&E) staining
was performed using standard procedures. Immunohistochemistry was
performed using the following antibodies: mouse anti-phospho-histone 3
(Cell Signaling Technology, 1:200), goat anti-Scgblal (Santa Cruz, 1:20),
rabbit anti-SP-C (Chemicon, 1:500), rabbit anti-Nkx2.1 (Santa Cruz, 1:50),

rabbit anti-Sox9 (Santa Cruz, 1:100), rabbit anti-Sox2 (Seven Hills
Bioreagents, 1:500), mouse anti-B-tubulin IV (BioGenex, 1:20), rabbit anti-
e-cadherin (Cell Signaling, 1:100) and mouse anti-mucin5ac (Abcam,
1:100). The Foxpl (1:200) and Foxp4 (1:200) polyclonal antibodies have
been previously described (Lu et al., 2002). Slides were mounted with
Vectashield mounting medium containing DAPI (Vector Laboratories,
Burlingame, CA, USA). In situ hybridization was performed as previously
described (Morrisey et al., 1996).

Microarray studies

RNA was isolated from E14.5 lungs from Foxp1/45"¢PKO and Shh-cre
control embryos and used to generate a biotinylated cRNA probe for
Affymatrix Mouse Gene 1.0ST array. Data analysis and heatmap
generation were performed as previously described (Zhang et al., 2008).
Genes with 1.5-fold or greater changes over that of the experimental mean
with a value of P<0.01 (ANOVA) were considered to be statistically
significant. Microarray data have been deposited in Gene Expression
Omnibus under accession number GSE34584.

Quantitative PCR

Total RNA was isolated from lung tissue at the indicated time points using
Trizol reagent, reverse transcribed using SuperScript First Strand Synthesis
System (Invitrogen), and used in quantitative real-time PCR analysis with
the primers listed in supplementary material Table S1.

ChIP and ChlIP-seq analysis

For ChIP-seq analysis, each biological sample was generated from 20-30
embryonic day (E) 12.5 lungs. The ChIP and ChIP-seq analysis was
performed as previously described (Zhang et al., 2010). Briefly, chromatin
was prepared using a ChIP Assay Kit (Millipore), except protein-G agarose
beads were used to pre-clear chromatin. The previously characterized
Foxpl polyclonal antibody as well as control rabbit IgG were used to
immunoprecipitate protein-DNA complexes from this chromatin. The
purified immunoprecipitated DNA was end-repaired, ligated to sequencing
adapters, and enriched by PCR following the manufacturer’s protocol
(Illumina). The resulting DNA was sequenced on the Illumina Genome
Analyzer II. Sequences were aligned to the mouse genome [University of
California Santa Cruz Genome Browser on Mouse, July 2007 Assembly
(mm9)] following pipeline processing. Peaks within a region covering 10
kb upstream and downstream from the transcriptional start site unique to
the Foxpl antibody and not found in the normal rabbit IgG were used as
criteria for potential targets of Foxp1. ChIP-seq binding data for 4gr2 was
confirmed by directed ChIP in chromatin samples from E12.5 and E18.5
lung using primers listed in supplementary material Table S1.

Cell culture transfection assays

The proximal 600 bp covering forkhead-binding sites within the Foxpl
ChIP-seq peak region (~8 kb upstream mouse 4gr2 transcriptional start
site) was cloned into the pGL3 lucifersase reporter plasmid to generate
pGL3Agr2.luc. pGL3Agr2.luc was co-transfected into NIH 3T3 cells using
Fugene 6 reagent with Renilla luciferase control expression plasmid and
the indicated amount of Foxpl expression vector. Forty-eight hours
following transfection, cell extracts were assayed for luciferase expression
using a commercially available kit (Promega). Relative reporter activities
are expressed as luminescence units normalized for Renilla expression in
the cell extracts. Data represent the average of three assays + s.e.m.

RESULTS

Loss of Foxp1/4 expression inhibits early secretory
cell differentiation

Foxpl/4 are expressed in proximal airway epithelium in both the
developing and adult lung (Lu et al., 2002). To assess the role of
Foxpl/4 in lung epithelial differentiation, we generated a floxed
allele of Foxp4 (Foxp4"/1°%) and, along with our previously
described Foxp /% allele (Feng et al., 2010), we deleted both
genes using the Shh-cre line which is active throughout the
developing lung epithelium from the earliest stages of lung
development (Fig. 1A-E) (Goss et al., 2009). Shi-cre-mediated loss
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Fig. 1. Loss of Foxp1/4 leads to defective proximal airway
epithelial development in mouse. (A-E) Foxp1 and Foxp4 were
efficiently deleted using the Shh-cre line as noted by loss of expression
in the developing airway epithelium using immunostaining (A-D,
arrows) and Q-PCR (E) at E12.5. (F-J) Immunostaining for Nkx2.1 (F,G)
and Sftpc (H,1) expression indicate normal lung endoderm specification
and distal alveolar epithelial differentiation in Foxp1/4°"<ePK0 muytants
at E18.5. Q-PCR also indicates normal expression of both Nkx2.1 and
Sftpc at E18.5 (J). (K-N) Expression of the proximal secretory cell
differentiation marker Scgb1a1 was decreased in Foxp 1/4°hhcreDko
mutants as revealed by immunostaining whereas immunostaining for
the ciliated epithelial marker B-tubulin IV was increased at E18.5 (K-N,
arrows). Panels M and N represent higher magnification pictures of K
and L to illustrate better the decrease in Scgb1al-positive secretory cells
(green) and an increase in B-tubulin [V-positive ciliated epithelial cells
(red). (0,P) Q-PCR shows decreased expression of the secretory
epithelial cell marker Scgb1a1 (O) and an increase in the ciliated
epithelial marker Foxj1 (P) in Foxp1/4°"<ePKO mytants at E18.5. Shh-cre
embryos were used as controls for all of these experiments. Error bars
represent s.e.m. Scale bars: 100 um for A-D,M,N; 200 um for F-I,K,L.

of either Foxpl or Foxp4 using Shh-cre did not result in any
prenatal or postnatal lethality (data not shown). However, all Shh-
cre:Foxp 1""%/°% : Eoxp4/o¥1ox mutants, from now on referred to as
Foxpl/45MrePDKO - die within minutes after birth of apparent
respiratory distress. Foxpl/45<¢PKO muytants expressed normal

levels of the important lung epithelial transcription factor Nkx2.1
and the alveolar epithelial type 2 cells marker surfactant protein C
(Sftpc), suggesting that lung epithelial specification was not
dramatically altered by Foxp1/4 deficiency (Fig. 1F-J). Although
overall lung morphology of Foxp1/45"<¢PKO mutants appeared to
be relatively normal, a reduction in Clara secretory cells was
observed in the proximal airways of E18.5 Foxpl/45MherePKO
mutants as determined by immunostaining and quantitative PCR
(Q-PCR) for the Clara secretory cell marker gene Scgblal (Fig.
1K-O). This was associated with an increase in ciliated epithelial
cell differentiation, as revealed by increased B-tubulin IV
immunostaining and Q-PCR for the ciliated epithelial specific
transcription factor Foxj! (Fig. 1K-N,P). These data indicate that
secretory epithelial cell differentiation is defective in
Foxp1/45"<rePKO mutants with a decrease in Clara secretory cells
and an increase in ciliated cells in the proximal airway epithelium.

Proximal airway epithelial differentiation defects
in Foxp1/45hh<reDK0 mutants

To understand better the genome-wide consequences of Foxp1/4
deficiency on secretory epithelial differentiation in the lung, we
performed microarray analysis of Shh-cre control and
Foxp1/45MereDKO mutant lungs at E14.5. Greater than 1.5-fold
differences were observed for 49 upregulated genes and for 28
downregulated genes (Fig. 2A; supplementary material Table S2).
Microarray, Q-PCR and in situ hybridization analyses indicate that
the early secretory cell marker genes Scgb3a2 and Cbr2 were
significantly downregulated in a fashion similar to Scgblal, further
suggestive of early defects in the cell fate of the proximal airway
epithelium of Foxp1/457eePKO mutants (Fig. 2A-H). Interestingly,
expression of Agr2, a protein disulfide isomerase expressed in
goblet cells in the lung (Chen et al., 2009; Zhao et al., 2010), was
upregulated in Foxp1/457"<¢PKO mutants using both microarray and
Q-PCR assays (Fig. 2A,B).

In addition to loss of secretory cell marker genes, expression of
the neuroendocrine (NE) cell marker Ascll was shown to be
decreased by microarray and Q-PCR analyses at E14.5 (Fig. 2B).
NE cells are found in the large proximal airways of the lung and
are thought to derive from a Sox2+ proximal airway precursor
(Tompkins et al., 2009). In situ hybridization for Ascll as well as
immunostaining for Pgp9.5 (also known as Uchll), an additional
marker of the NE lineage, indicated that differentiation of the NE
lineage is inhibited in Foxp1/45<¢PKO mytants (Fig. 21-K). Thus,
loss of Foxp1/4 in the developing lung epithelium leads to a defect
in cell fate choice in the proximal airway epithelium with decreased
differentiation of both secretory and NE lineages but increased
expression of the goblet cell gene expression program.

Lung endoderm progenitor allocation and Notch
signaling are unaffected in Foxp 1/45hhcreDko
mutants

Sox2+ endoderm cells are thought to act as precursors for most, if
not all, of the proximal airway epithelial cell lineages, whereas
expression of Sox9 is thought to mark an early distal endoderm
progenitor cell lineage (Okubo et al., 2005; Lu et al., 2007). As
defects in secretory and NE epithelial differentiation could arise
from altered development of Sox2+ endoderm progenitors or from
altered expression of Sox2 itself, we assessed expression of Sox2
as well as the distal epithelial progenitor marker Sox9 in
Foxp1/45M¢rePKO mutants. Tmmunohistochemistry as well as Q-
PCR showed that expression of Sox2 and Sox9 were unchanged in
Foxp1/45M<rePKO mutants (Fig. 3A-F). Moreover, the pattern of
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expression of these progenitor markers was not altered in
Foxp1/45M<rePKO mutants, with expression of Sox2 confined to the
proximal lung endoderm and Sox9 expression confined to the distal
lung endoderm (Fig. 3A-D). These data indicate that the defects in
secretory epithelial cell fate and differentiation observed in
Foxp1/45MrePKO mytants were not due to impaired allocation of
Sox2+ or Sox9+ progenitors or from de-regulated expression of the
Sox2 or Sox9 genes.

Previous studies have demonstrated that Notch signaling plays
a key role in directing the cell fate and differentiation of
proximal airway progenitors into the secretory cell lineage
(Guseh et al., 2009; Tsao et al., 2009; Morimoto et al., 2010;
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Fig. 2. Decreased secretory and
neuroendocrine cell fates and an increase
in goblet cell lineage markers in

Foxp 1/4°hherePKO mytants. (A,B) Microarray
and Q-PCR analyses show that several genes
expressed in the Clara secretory cell (Scgb3a2,
Cbr2) and neuroendocrine lineages (Ascl1) are
decreased in Foxp1/4°7<ePKO mutants at E14.5.
By contrast, the goblet cell marker gene Agr2 is
increased in both microarray and Q-PCR
analyses. Red and green indicate up- and
downregulated genes, respectively, versus
Shh-cre controls. (C-H) Decreased expression of
the secretory cell markers Scgb1a1 (C,D),
Scgb3a2 (E,F) and Cbr2 (G,H) are observed in
Foxp1/45PhereDKO mutants at E18.5 using
immunostaining (C,D) and in situ hybridization
(E-H). Airways are encircled by a dashed line.
(I-L) The neuroendocrine markers Asc/1 (I,J) and
Pgp9.5 (K,L) are both decreased in
Foxp1/45h"<rePKO mtants at E18.5 as revealed
by in situ hybridization and immunostaining,
respectively. Arrows indicate probe hybridization
or immunostaining. Shh-cre embryos were used
as controls for all of these experiments. Scale
bars: 200 um for C-H,K,L; 150 um for I,J.
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Rock et al., 2011). Loss of Notch signaling leads to a complete
loss of the secretory cell lineage in the developing lung whereas
increased Notch signaling promotes secretory cell differentiation
(Guseh et al., 2009; Tsao et al., 2009; Morimoto et al., 2010;
Rock et al., 2011). Because the phenotype in Foxpl/45MeePKO
mutants was one of decreased secretory cell differentiation, we
sought to determine whether Notch signaling was de-regulated
in these mutants. Multiple Notch ligands, receptors, and
transcriptional downstream effectors, such as Hesl, are
expressed in the lung (Post et al., 2000; Tsao et al., 2009).
Microarray and Q-PCR analyses detected no significant
alterations in the expression of all Notch components tested in

Fig. 3. Normal expression of early endoderm progenitor
markers and Notch signaling components upon loss of
Foxp1/4 expression in lung endoderm. (A-D) The pattern
of Sox2 (A,C; arrowheads) and Sox9 (B,D; arrows) expression
appears normal by immunostaining in Foxp 1/4°hhcrePko
mutants at E12.5. (E,F) Q-PCR reveals normal expression of
Sox2 and Sox9 in Foxp1/4°Mh<rePKO muytants at E12.5.

(G,H) Microarray (G) and Q-PCR (H) analyses show normal
expression of Notch signaling components, including the
important Notch signaling activity readout genes Hes7 and
Hes5. Shh-cre embryos were used as controls for these
experiments. Error bars represent s.e.m. Scale bar: 150 um.

=Foxp1/4 DKO
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Foxp1/45M<rePKO mytants (Fig. 3G,H). These data suggest that
Foxpl/4 act either downstream or independently of Notch
signaling to regulate secretory epithelial cell fate in the lung.

Ectopic activation of the goblet cell program in
Foxp 1/45hh<rePKO myytants

Increased expression of Agr2 along with decreased expression of
genes associated with the Clara secretory cell lineage suggested that
Foxpl/4 normally restricts the goblet cell lineage within the
developing airway epithelium. Goblet cells do not form in mouse
airways except during injury or in disease models such as those
mimicking human asthma (Rogers, 2003; Sumi and Hamid, 2007).
Moreover, goblet cells dramatically increase in number in the human
lung after injury or in diseases such as asthma and COPD (Rogers,
2003; Sumi and Hamid, 2007). To assess the extent of activation of
the goblet cell lineage program upon loss of Foxp1/4 expression, we
characterized E18.5 Foxpl/45"<¢PKO mutants for expression of
additional goblet cell genes and proteins. Expression of MucSac,
Muc5b, Spdef and Foxa3 was upregulated although Spdef and Foxa3
expression was increased less dramatically than the other genes (Fig.
4A). However, Stat6, which has been shown to regulate Spdef
expression (Park et al., 2007; Chen et al., 2009), was not upregulated
in Foxpl/45"<rePKO mytants (Fig. 4A). In situ hybridization shows
increased expression of Agr2 in the proximal airways of
Foxp1/45M<rePKO mutants (Fig. 4B,C). These data suggested that
Foxpl/4 might act downstream of Stat6 but upstream of Agr2 to
restrict the goblet cell lineage during lung development.
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As noted above, previous models of goblet cell development
have identified a hierarchical set of factors with Notch and Stat6
residing at the top. These activate Spdef, which, in turn, activates
additional goblet cell genes, including Agr2 and the mucin-related
proteins Muc5ac and Muc5b (Park et al., 2007; Chen et al., 2009).
Of these, Agr2 expression was increased the most and its
expression was increased as early as E14.5 (Fig. 2). This is prior to
full development of the secretory lineage in the proximal airways
of the lung and before the increase of other goblet cell lineage
genes, as noted by our microarray results (Fig. 2). Agr2 is a protein
disulfide isomerase that has been implicated in trafficking mucin
proteins in goblet cells of the intestine (Zhao et al., 2010).
Moreover, Agr2 expression is essential for goblet cell development
as Agr2 null mice lack goblet cells in the intestine (Zhao et al.,
2010). To determine whether Agr2 is a direct transcriptional target
of Foxpl/4 in the lung, we performed ChIP-seq for Foxpl on
chromatin from E12.5 mouse lungs (Zhang et al., 2010). The
Foxpl ChIP-seq data reveal that Foxpl binds to an evolutionarily
conserved region of the Agr2 locus (located ~8 kb upstream of the
predicted Agr2 transcriptional start site) that contains two
conserved forkhead DNA-binding sites (Fig. 4D). Directed ChIP
experiments confirmed that both Foxpl and Foxp4 bind to these
evolutionarily conserved forkhead-binding sites in chromatin
generated from both E12.5 and E18.5 lungs (Fig. 4E-G).

To assess whether Foxpl and Foxp4 can directly repress Agr2
gene expression, we overexpressed each transcription factor
individually or in combination in the human lung epithelial cell line

Fig. 4. Ectopic activation of the goblet cell
lineage program in Foxp1/45"h<rePKO mytants
and identification of Agr2 as a direct target of
Foxp1/4. (A) Q-PCR reveals increased expression of
goblet cell related genes, including Agr2, in
Foxp1/4°MherePKO mytants at E18.5. (B,C) In situ
hybridization showing increased Agr2 expression in
the proximal airways of Foxp1/4°7h<ePKO muytants at
E18.5 (arrow). (D) Foxp1 ChiP-seq data reveals a
single strong peak 8 kb upstream of the Agr2
transcriptional start site that contains two
evolutionarily conserved Foxp DNA-binding sites.
(E-G) Directed ChIP for Foxp1 and Foxp4 on the
Agr2 -8 kb enhancer element using Q-PCR at E18.5
(E,F) and PCR agarose gel analysis at E12.5 and
E18.5 (G). (H) Foxp1 and Foxp4 can cooperatively
repress endogenous AGR2 expression in H441
human lung epithelial cells. (I) The -8 kb Agr2
enhancer element can be repressed by Foxp1 in a
dose-dependent manner when cloned into a
luciferase reporter. Error bars represent s.e.m. Scale
bar: 200 um.
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H441, which has characteristics of Clara secretory epithelial cells
(Sawaya et al., 1993). These studies show that Foxpl and Foxp4
can cooperatively repress endogenous AGR2 expression in lung
secretory epithelium (Fig. 4H). Foxpl can also repress this —8 kb
Agr2 enhancer element in a dose-dependent manner when cloned
into a luciferase reporter construct (Fig. 4I). These data
demonstrate that Foxpl and Foxp4 can directly target and repress
expression of Agr2 in the secretory epithelium of the lung.

Overexpression of Agr2 can elicit the goblet cell
fate in the developing lung epithelium

Agr2 is required for intestinal goblet cell development and its
expression is associated with metastasis and increased cellular
stress responses (Zweitzig et al., 2007; Barraclough et al., 2009;
Zhao et al., 2010). Because goblet cells numbers are increased
upon epithelial stress in injury and disease in both mice and
humans, the increased expression of Agr2 might lead directly to
increased expression of mucin genes along with other markers of
the goblet cell program. Therefore, we generated transgenic mice
using the human surfactant protein C (SF7PC) promoter to drive
widespread ectopic Agr2 expression in the early lung epithelium in
order to determine whether increased Agr2 expression could
activate the goblet cell lineage gene expression program.
Examination of transgenic FO founders at E18.5 showed that three
of the five total FO genotype-positive founders expressed increased
levels of Agr2 in the proximal airway epithelium including the
bronchi and smaller bronchiols (Fig. 5A-D). These SFTPC-Agr2
transgenic animals expressed increased levels of Muc5ac, Muc2
and Clca3, which are all expressed in the goblet cell lineage in the
lung (Fig. 5E-H). Expression of the ciliated epithelial markers -
tubulin IV and Foxjl was unchanged in SFTPC-Agr2 transgenic
lungs (Fig. 5I-K). The increase in Clca3, a calcium-activated
chloride channel expressed in goblet cells (Zhou et al., 2002; Thai
et al., 2005), suggests that ectopic expression of Agr2 promotes a

non-Tg SFTPC-Agr2 Tg E g

w &
& B

F Muc5ac

broader goblet cell gene expression program than induction of
mucin genes alone. Co-immunostaining for the secretory protein
Scgblal and Muc5ac shows that both proteins are expressed in the
secretory epithelium upon overexpression of Agr2 (Fig. SL,M).
This is consistent with previous studies showing that goblet cells
express both Sgblal and Muc5ac (Boers et al., 1999; Evans et al.,
2004). These data demonstrate that increased Agr2 is sufficient to
promote many aspects of the goblet cell fate and that its de-
repression in Foxpl/45"<ePKO mutants is responsible, at least in
part, for the ectopic activation of the goblet cell lineage program.

Foxp1/4 are required for regeneration of secretory
cells in lung airways by restricting the goblet cell
fate

Because Foxp1/4 are necessary for development of the early Clara
secretory cell lineage while restricting the goblet cell lineage during
lung development, we assessed whether Foxpl/4 were required to
maintain the Clara cell secretory lineage and restrict the goblet
lineage in the postnatal mouse. We employed a newly generated
Clara secretory cell-specific cre line in which cre recombinase was
inserted into the endogenous Scgblal locus (Scgblal-cre; Fig. 6A)
to generate Foxp1/45€b1a1ereDKO myytants. The Scgblal-cre line is
active by E18.5 and its activity is restricted to the proximal airway
epithelium of the lung (Fig. 6B,C; data not shown).
Foxpl/45cgb1alereDKO mytants were viable and no significant
lethality was observed for up to one year of age (data not shown).
Histological analysis showed that although the bronchiolar
epithelium of Foxpl/45¢€01a1ceDKO mytants expressed Scgblal,
many of these cells also expressed MucSac as noted by co-
immunostaining (Fig. 6D,E; supplementary material Fig. S2). The
large bulbous shape of these cells as well as their increased
expression of mucins indicative of a goblet cell phenotype was
noted by Alcian Blue staining (supplementary material Fig. S3).
Other markers of the goblet cell lineage were significantly

Fig. 5. Overexpression of Agr2 can ectopically activate
the goblet cell lineage gene expression program.

(A-D) SFTPC-Agr2 transgenic lungs express elevated levels of
Agr2 protein in both small bronchiolar and larger bronchi at
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E18.5. (E-H) Q-PCR analysis of Agr2 (E), Muc5ac (F), Muc5b
(G) and Clca3 (H) expression in SFTPC-Agr2 transgenic lungs
at E18.5. (1,J) Immunostaining for B-tubulin IV for non-
transgenic (I) and SFTPC-Agr2 transgenic (J) lungs. (K) Q-PCR
for Foxj1 expression in non-transgenic and SFTPC-Agr2
transgenic lungs. (L,M) Non-transgenic littermates do not
express Mucbac in proximal airway epithelium (L) whereas
Muc5ac and Scgb1a1 are co-expressed in epithelial cells of
SFTPC-Agr2 transgenic lungs at E18.5 (M, arrow). The Q-
PCR data in E-H and K are the average = s.e.m. of the three
different FO founders at E18.5. Non-transgenic littermates
were used as controls for these experiments. Scale bars:
150 um for A-D; 200 um for L,M.
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Fig. 6. Loss of Foxp1/4 expression in the
mature secretory epithelial cell lineage leads
to ectopic activation of the goblet cell lineage
program and inhibits epithelial regeneration.
(A) Diagram of cre insertion into the Scgb7a7
locus. (B,C) Activity of the ScgbTal-cre: R26R"% is
confined to the proximal airway epithelium at two
months as shown by whole-mount -galactosidase
histochemical staining (B) and histological sections
from these lungs (C, arrow). (D,E) Loss of Foxp1/4
leads to ectopic activation of Muc5ac expression in
Scgb1al-positive cells of the proximal airways of
Foxp1/45¢9b1a1<reDKO aqylt mutants. (F) Q-PCR for
markers of the goblet cell lineage program,
including Agr2 as well as the secretory, ciliated
and neuroendocrine lineages in

Foxp 1/4391a1creDKO 5yt lungs. Error bars
represent s.e.m. (G,H) Naphthalene-induced
secretory epithelial injury and regeneration leads
to decreased numbers of airway epithelial cells 20
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upregulated in adult Foxp1/45€b1a1eeDKO mytants, including Agr2,
whereas markers of Clara (Scgblal, Sox2), ciliated (Foxj1) and
NE (Ascll) cells were unchanged (Fig. 6F). These data suggested
that Foxp1/4 are required to restrict the goblet cell lineage during
secretory cell homeostasis in the lung.

We determined next whether Foxp1/4 were required for proper
secretory cell repair and regeneration after naphthalene-induced
injury. Naphthalene injury of the lung involves a severe and rapid
loss of the majority of Clara secretory epithelium from the
bronchiolar airways. A small population of Clara secretory cells
that lack expression of the cytochrome Cyp2f2 are resistant to
naphthalene injury and are thought to act as facultative progenitors
during regeneration of the bronchiolar epithelium (Reynolds et al.,
2000b; Giangreco et al., 2002). Loss of the secretory epithelium is
complete after four days whereas regeneration and re-establishment
of the airway epithelium is usually complete after two to three
weeks. Naphthalene injury was induced in both Scgblal-cre
control and Foxp1/45¢P1a1¢reDKO mytants at 8 weeks of age. Both
control and Foxp1/45€b1a1erePKO mytants survived the naphthalene
treatment and displayed extensive airway apoptosis and loss of
secretory cells three days after naphthalene treatment (Fig. 7A,B;

Day 20 post-injury

Day 20 post-injury

1 days after injury (arrows). (I) Schematic of the
regeneration complete  temporal nature of the naphthalene injury repair
and regeneration model. (J-O) Immunostaining for
E-cadherin shows normal regeneration of airway
epithelium in Scgb1al-cre control animals but
reveals a dramatic loss of epithelial cells lining the
injured airways of Foxp 1/4°%9b7a1eDKO mtants at
both 10 and 20 days post-injury (arrows). Lower
panels in J-O are higher magnification images to
illustrate better the presence or absence of E-
cadherin-positive epithelium in the airways.
Scgb1al-cre animals were used as controls for
these experiments. Scale bars: 200 um for C,J-O;
100 um for D,E; 150 um for G,H.

data not shown). In Scgblal-cre control animals, extensive
regeneration of the airway epithelium was observed at both 10 and
20 days post-injury as judged by E-cadherin (cadherin 1)
immunostaining (Fig. 6G,J-L). However, in Foxp]/45¢€b!alcreDKO
mutants, only a few airway epithelial cells were observed in the
bronchiolar airways, indicating defective epithelial regeneration in
the absence of Foxp1/4 expression (Fig. 6H,M-O).

To assess the lineage of the surviving and/or regenerated cells in
the naphthalene-treated Foxpl/45¢€b1alereDKO mytants, Scgblal
expression was measured by immunostaining and Q-PCR at 3 and
10 days after injury. At 3 days post-injury, very few Scgblal cells
were present in either control or Foxpl/45€b1alcreDKO mytants
owing to naphthalene-induced depletion (Fig. 7A,B). By 20 days
post-injury, Scgblal cells had readily regenerated in Scgblal-cre
control animals whereas very few Scgblal-positive cells were
observed in Foxp1/45€b1alcreDKO mutants (Fig. 7C,D). This lack of
regeneration of Scgblal-positive cells is supported by a dramatic
decrease in Scgblal gene expression 10 days after injury in
Foxp1/45gb1alereDKO mutants (Fig. 7E). There was also a decrease
in the ciliated epithelial markers Foxjl and B-tubulin IV but no
significant decrease in the neuroendocrine marker Ascll (Fig.
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7F,J,K). Conversely, Agr2 expression was significantly increased
relative to other goblet cell markers 10 days following naphthalene
injury in Foxpl/45b1alereDKO mytants (Fig. 7G). Immunostaining
shows that the majority of the cells remaining after naphthalene
airway injury in Foxpl/45¢€b1a1¢rePKO mutants express Muc5ac,
consistent with the acquisition of a goblet cell phenotype (Fig.
7G.H; supplementary material Fig. S2). This loss of secretory
epithelial regeneration is not associated with changes in Cyp2f2
expression, absence of expression of which denotes a putative
secretory epithelial progenitor capable of airway regeneration after
naphthalene injury (supplementary material Fig. S3) (Reynolds et
al., 2000a; Li et al., 2011). Thus, loss of Foxp1/4 in postnatal Clara
secretory cells inhibits airway epithelial regeneration by ectopically
activating the goblet cell fate. Together, these data indicate that
Foxpl/4 are required for both development and maintenance of the
secretory cell lineage but are also required to restrict the mature
goblet cell lineage, in part, through direct repression of Agr2 (Fig.
7L).

DISCUSSION

Lung diseases that involve dysfunctional development and
regeneration of the pseudostratified proximal airway epithelium are
a leading cause of morbidity and mortality. A hallmark of the
response of the proximal airways to both injury and disease is an
increase in the goblet cell lineage with a concomitant increase in
mucin production and altered morphology of the pseudostratified
epithelium. We show that Foxp1/4 play a central role in restricting
secretory cell fate in the proximal airways of the lung by regulation
of a novel pathway involving direct repression of the protein

1.2 Scgblal expression-Day 10

Scgbiai-cre:
Foxp1/4tesna:

CC10/|

Fig. 7. Foxp1/4 are required for inhibition of the goblet
cell lineage during secretory epithelial regeneration in
the lung. (A-D) Scgb1a1-positive secretory cells are depleted
at equal levels in Scgb1al-cre and Foxp1/45¢gb1alcrebko
mutants at 3 days post-injury (A,B). However,
Foxp1/4°@9P1a1creDKO mytants do not effectively regenerate
Clara cell secretory epithelium after naphthalene injury as
noted by Scgb1al immunostaining at 20 days post-injury
(C,D). Asterisks denote airways. Arrow indicates the small
number of Scgb1a1-positive cells in the Foxp1/45gbTalcreDkO
mutants. (E) Q-PCR for Scgb7aT expression in control and
Foxp1/4°9P1a1creDKO mytants at 10 days post-injury. (F) Q-PCR
for Foxj1 and Ascl1 in control and Foxp1/45¢gb7alcrebko
mutants at 10 days post-injury. (G) Goblet cell markers are
expressed at high levels in Foxp1/4°907a1<reDKO mtants 10
days post-naphthalene-induced injury, including high levels
of Agr2. (H-K) The few epithelial cells in the proximal airways
of Foxp1/4°@P1a1reDKO mytants are strongly positive for both
Scgb1al and Muc5ac expression (H,1). There are only a few
B-tubulin IV-positive ciliated cells in Foxp 1/4°9b1atcreDkO
mutants 10 days post-naphthalene-induced injury. Scgb7a7-
cre animals were used as controls for these experiments.

(L) Model of how Foxp1/4 act to restrict secretory cell lineage
fate in the lung. Loss of Foxp1/4 leads initially to decreased
secretory cell differentiation followed by ectopic activation of
the goblet cell lineage program, which inhibits normal airway
epithelial development and airway epithelial regeneration in
the postnatal lung. Scale bars: 200 um for A-D; 100 um for
H-K.

disulfide isomerase Agr2. Ectopic expression of Agr2 alone can
promote the goblet cell fate in the secretory epithelium of the lung.
This result, along with previous findings that Agr2 is essential for
intestinal goblet cell development (Zhao et al., 2010), suggests that
Agr2 is a central player in defining goblet cell fate and function in
the epithelium of multiple tissues including the lung and intestine.
Given that increased goblet cell formation is associated with severe
pulmonary diseases, such as asthma and COPD, our studies
provide crucial insight into how secretory cell fate is established,
maintained and regenerated in the lung, which may prove
beneficial in developing future therapies for lung disease.

The mechanisms that control epithelial lineage fate,
differentiation and regeneration are poorly understood. Within the
proximal portion of the developing respiratory system, Sox2 is
thought to act as an essential regulator of most, if not all, of the
epithelial lineages. However, less is understood about the factors
and pathways that direct specific epithelial lineage fate choices
downstream of Sox2. Notch signaling has been shown to be
essential for the fate choice between the secretory lineage and the
ciliated lineage, both of which derive from Sox2+ progenitors (Que
et al., 2007; Guseh et al., 2009; Tompkins et al., 2009; Tsao et al.,
2009; Morimoto et al., 2010; Rock et al., 2011). The ETS
transcription factor Spdef is sufficient and necessary for goblet cell
differentiation in both gain- and loss-of-function experiments (Park
et al., 2007; Chen et al., 2009). Whether other factors or pathways
could regulate the balance of epithelial lineages by restricting
certain cell fates was unclear. Our studies show that Foxpl/4
restrict the goblet cell fate through a novel pathway that appears to
act either independently or does not appear to involve either
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disruption in Notch signaling or a dramatic increase in Spdef.
Foxpl/4 regulate the protein disulfide isomerase Agr2, which,
when ectopically expressed, can promote the goblet cell fate.

Other forkhead factors have been implicated in regulating goblet
cell formation. Loss of Foxa2 in the developing lung epithelia leads
to goblet cell hyperplasia (Wan et al., 2004). Conversely, loss of
Foxal and Foxa2 leads to decreased goblet cell formation in the
developing intestine (Ye and Kaestner, 2009). The mechanism by
which Foxal/2 regulate goblet cell formation is likely to be very
different to that of Foxpl/4, as Foxal/2 are classic pioneer
transcription factors responsible for opening compacted chromatin
to allow for increased gene transcription (Cirillo et al., 2002). By
contrast, Foxp1/4 are transcriptional repressors that interact with
the NuRD chromatin-remodeling complexes and repress gene
transcription through the action of histone deactylases (Chokas et
al.,, 2010). Thus, these two different subfamilies of forkhead
transcription factors are not likely to act redundantly in the
regulation of lung endoderm development or regeneration. In
addition to defective airway epithelial development,
Foxp1/45M<rePKO mutants are likely to have additional defects in
lung development, possibly in alveolar epithelial differentiation as
they die prenatally owing to respiratory distress (data not shown).
Therefore, further analysis of Foxp1/45"<¢PKO mutants is likely to
uncover additional roles for Foxpl/4 in alveolar epithelial
development.

We observed that de-repression of Agr2 expression closely
correlated with loss of Foxp1/4 expression, both developmentally
and in the postnatal Clara secretory cell lineage. Accordingly,
ectopic expression of Agr2 can induce many characteristics of the
goblet cell lineage, including increased expression of multiple
mucin genes as well as Clca3, a chloride channel expressed in
goblet cells (Zhou et al., 2002). However, the mechanisms by
which increased levels of Agr2 lead to promotion of the goblet cell
fate in the lung is unclear. Agr2 has been shown to bind mucin
proteins directly and by managing their conformation as they
traffick through the endoplasmic reticulum (ER), Agr2 might
increase their stability and expression (Zhao et al., 2010; Higa et
al., 2011; Niederreiter and Kaser, 2011). Expression of Agr2 is also
induced by ER stress and is highly enhanced in multiple
carcinomas, leading to stimulation of proliferation (Liu et al., 2005;
Zweitzig et al., 2007, Ramachandran et al., 2008; Barraclough et
al., 2009; Edgell et al., 2010; Maresh et al., 2010; Bu et al., 2011).
More relevant in light of our results are previous findings showing
that Agr2 can alter cell fates by inducing ectopic cement gland
differentiation and anterior neural fate in Xenopus laevis (Aberger
et al., 1998). Additional studies will be required to understand
better how Agr2 controls cell fate decisions in lung epithelial cells.

Several human lung diseases exhibit increased levels of goblet
cell differentiation. However, goblet cells are not apparent in the
developing mouse lung and only develop in adult animals upon
subjection to stressors, such as airway injury or asthma disease
models induced with allergens (Fahy, 2001; Rogers, 2003; Izuhara
et al., 2009). As previous studies have demonstrated that Foxp1/4
act as transcriptional repressors, our finding that loss of Foxpl/4
lead to ectopic activation of the goblet cell program and that this
can be recapitulated by ectopic expression of Agr2 reveals that the
developing secretory epithelium is under restrictive constraints to
regulate cell fate decisions. This function of Foxpl/4 is
independent of Notch signaling, which is known to regulate the
secretory cell fate in the lung. Notch signaling also plays important
roles in the developing and regenerating airway epithelium. In the
developing lung, Notch signaling is essential for development of

the secretory cell lineage (Guseh et al., 2009; Tsao et al., 2009;
Morimoto et al., 2010). In the postnatal lung, loss of Notch
signaling leads to decreased Clara cell differentiation and increased
goblet cell differentiation (Rock et al., 2011). Our findings show
that Foxp1/4 promote initial development of the secretory epithelial
cell fate and restrain the goblet cell fate in both the developing and
postnatal secretory epithelium.

The secretory epithelium is the site of several debilitating human
diseases including asthma and COPD. In these diseases, goblet cell
formation is increased, which leads to excess mucus production
and further degradation of airway function. The lack of airway
epithelial ~ regeneration in  Foxpl/45¢€P!alereDKO  pytants
demonstrates that the ectopic activation of the goblet cell fate leads
to a failure of these cells to regenerate in response to airway injury.
This would lead to decreased airway repair, exposure of the
underlying basal lamina and promotion of an inflammatory
response commonly observed in airway diseases such as asthma.
Thus, Foxpl/4 are essential for generating the proper balance of
epithelial lineages in the proximal airways, which is required for
the response to injury and inhibition of diseases of the airway.
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Table S1. QPCR primers

Gene Forward Reverse

Foxpl CGAATGTTTGCTTACTTCCGACGC ACTTCATCCACTGTCCATACTGCC
Foxp2 GCCAGGCTGTGAAAGCATATGTGA CATTTGCACTCGACATTGGGCAGT
Sox2 TGCACATGGCCCAGCACT TTCTCCAGTTCGCAGTCCAG

Sox9 AGACCAGTACCCGCATCTGCACAA TCTCTTCTCGCTCTCGTTCAGCA
Nkx2.1 TCCTCGGAAAGACAGCATCAGCTT TCGTGTGCTTTGGACTCATCGACA
Scgblal ATACCCTCCCACAAGAGACCAGGATA ACACAGGGCAGTGACAAGGCTTTA
Scgh3a? GCTGGTATCTATCTTTCTGCTGGTG ACAACAGGGAGACGGTTGATGAGA
Cbr2 TGAATTTCAGTGGCCTGAGGG ACTTTGGCTCCTGAGGCGT

Foxjl AGTGGATCACGGACAACTTCTGCT TTCTCCCGAGGCACTTTGATGAAG
Tubb4b AACCCGGCACCATGGACTCTGT TGCCTGCTCCGGATTGACCAAATA
Stat6 GGCCACCATCAGACAAATACTTCAAGGG TTGAGTTCTTCCTGCTTCCGATGG
Spdef TTGTGGGCGAGGTCCTGAAAGATA AAAGCCACTTCTGCACGTTACCAG
Agr2 ACCGGCTCTACGCTTATGAACCTT AAGTCCACAGTGCTTCTGCCTTCT
Muc5ac TCGTACCATGAACACCGCTCTGAT AGGTGGGATGATGGTCACCCTATT
Muc5b ATGGGCAGCAGAAACTGGAGCTG TCTGACTGTCTCCGGTGAGTTCTA
Muc2 TGACACCATCTACCTCACCCACAA TGGTGTAGGCATCGTTCTTCTCA
Foxa3 ATGCTGGGCTCAGTGAAGATGGA AAGGTCATGTAGGAGTTGAGAGGG
Clca3 TATGAGGGCATCGTCATCGCCATA GAGGCCTGAGTCACCATGTCCTTTAT
T12 TTTGGGACTGCATGCTCTGGTAGA AGCCACAGTTCTTTCTGTTGTGGG
Ascll GAGGAACAAGAGCTGCTGGACTTT TGACGTCGTTGGCGAGAAACACTA
Sfipc/Spc ACCCTGTGTGGAGAGCTACCA TTTGCGGAGGGTCTTTCCT

Hesl AAAGCCTATCATGGAGAAGAGGCG GGAATGCCGGGAGCTATCTTTCTT
Hes5 CGTCAGCTACCTGAAACACAGCAA AGTAGCCCTCGCTGTAGTCCT

Heyl CTTGCAGATGACTGTGGATCACCT AAACTCCGATAGTCCATAGCCAGG
Hey2 TTTGAAGATGCTCCAGGCTACAGG AGCACTCTCGGAATCCAATGCTCA
Pofutl TGTTCACAGGCATTTCCTTCAGCG AGTGCGAGCACAGGATGCTCTTT
Notchl TTGAGATGCTCCCAGCCAAGT AGGATTGGAGTCCTGGCATCGTT
Notch?2 CGTCAGACTGGCGACTTCACTTT TCGTCGATATTCCGCTCACAGGT
Notch3 ATGTGCAAATGGAGGTCGGTGC TGAGTGGCAAGGGTCTTCCAG
Notch4 TGCTGCTCTTGCCACTCAATTTCC TCAGGCAGGTGCCTCCGTT

DIl AAGATGTGCGACCCTGGCTGGAAA CAGTATCCATGTTGGTCATCACACCC
DIl3 TTTACCTGGGCCTGGACCTTGTGAT GCACATTCAAAGGAGCCAGAGGTT
Dll4 AGTGTGCCTGCGATGAGGGAT ATTCTTGCACGGAGAGTGGTGAGT
Jagl ACCGTAATCGCATCGTACTGCCTT ATTACTGGAATCCCAGGCCTCCACC
Jag?2 TCGTCATTCCCTTTCAGTTCGCCT ATCTGGAGTGGTGTCATTGTCCCAG

AGR2 (human)

CCAGAAATTGGCAGAGCAGTTTGTCC

TACTGGCCATCAGGAGAAAGGTGT




Table S2. Microarray analysis of Shh-cre control and Foxp1/45""*PX0 mutant lungs

at E14.5
Gene symbol gene_assignment Ab folds | Fold-change (KO
vs. control)
EG665955 FJ556972 // EG665955 // predicted | 36.4 -36.4
gene, EG665955 // 5 B3 // 665955
Xist NR 001463 // Xist // inactive X 4.76199 | -4.76199
specific transcripts // X D // 213742
/// NR 001
Ztp125 ENSMUSTO00000079237 // Zfp125// | 2.91934 | -2.91934
zinc finger protein 125 // --- // 22651
/11 AJOO
Cthrel NM 026778 // Cthrel // collagen 2.77058 | -2.77058
triple helix repeat containing 1 // 15
C// 6858
n/a --- 2.53775 | -2.53775
Cym NM 001111143 // Cym // chymosin | 2.5251 -2.5251
// 3 F2.3//229697 /// BC147477 //
Cym // chymo
A2m alpha-2-macroglobulin 2.27946 | -2.27946
n/a --- 227944 | -2.27944
Trim12 NM 023835 // Trim12 // tripartite 2.19746 | -2.19746
motif-containing 12 // 7 E3 // 76681
/// ENSMU
Lamp3 NM 177356 // Lamp3 // lysosomal- | 2.11631 | -2.11631
associated membrane protein 3 // 16
A3//239739
G730007D18Rik | AK144596 // G730007D18Rik // 1.98571 | -1.98571
RIKEN cDNA G730007D18 gene //
--- // 100038502
n/a --- 1.96031 | -1.96031
Ascll NM 008553 // Ascll // achaete-scute | 1.93527 | -1.93527
complex homolog 1 (Drosophila) //
10C1//1
Serpina6 NM 007618 // Serpina6 // serine (or | 1.89658 | -1.89658
cysteine) peptidase inhibitor, clade
A, memb
Cpsl NM 001080809 // Cpsl // 1.87436 | -1.87436
carbamoyl-phosphate synthetase 1 //
1C3|143.4cM //22
n/a — 1.86076 | -1.86076
Gm7120 NM 001039244 // Gm7120 // 1.84847 | -1.84847




predicted gene 7120 // 13 D2.3 //
633640 /// ENSMUSTO00

Acpl

NM 001110239 // Acpl // acid
phosphatase 1, soluble // 12 A2 //
11431 //NM_021

1.81548

-1.81548

1.81062

-1.81062

Nrlh5

NM 198658 // Nr1hS5 // nuclear
receptor subfamily 1, group H,
member 5 /3 F2.2

1.80988

-1.80988

Alb

NM_009654 // Alb // albumin // 5
E1[5 50.0 cM // 11657 ///
ENSMUST00000031314 //

1.79378

-1.79378

Cbr2

NM 007621 // Cbr2 // carbonyl
reductase 2 // 11 E2|11 72.5 cM //
12409 /// ENSMU

1.77952

-1.77952

4833420G17Rik

NM 001113550 // 4833420G17Rik
// RIKEN cDNA 4833420G17 gene
// 13 D2.3 // 67392

1.7695

-1.7695

Pgcep

NM_018755 // Pgcp // plasma
glutamate carboxypeptidase // 15
B3.2 // 54381 /// N

1.7594

-1.7594

4933409K07Rik

BC059060 // 4933409K07Rik //
RIKEN cDNA 4933409K07 gene //
4 A5// 108816 /// BC

1.75297

-1.75297

Serinc2

NM 172702 // Serinc2 // serine
incorporator 2 // 4 D2.2 // 230779 ///
BC031720/

1.74251

-1.74251

Art4

NM 026639 // Art4 // ADP-
ribosyltransferase 4 // 6 G1]6 66.5
cM // 109978 /// EN

1.73703

-1.73703

Mgp

NM_ 008597 // Mgp // matrix Gla
protein // 6 G1 // 17313 ///
ENSMUST00000032342 /

1.69343

-1.69343

Scgb3a2

NM_054038 // Scgb3a2 //
secretoglobin, family 3A, member 2
// 18 C-D // 117158 /

1.69

-1.69

C030030A07Rik

NM 001039558 // C030030A07Rik
// RIKEN ¢cDNA C030030A07 gene
/6 Gl // 654818 //

1.65654

-1.65654

2610044015Rik

1.64385

-1.64385

Anxal

NM 010730 // Anxal // annexin A1l
//'19 B|19 18.0 cM // 16952 ///

1.60904

-1.60904




ENSMUST00000025

Stogal2 NM_ 172829 // St6gal2 // beta 1.6045 -1.6045
galactoside alpha 2,6
sialyltransferase 2 // 17 C/
Cntn4 NM 001109749 // Cntn4 // contactin | 1.59978 | -1.59978
4//6 E2//269784 /// NM_173004 //
Cntn4 //
n/a --- 1.59207 | -1.59207
n/a --- 1.59207 | -1.59207
Nr1h5 nuclear receptor subfamily 1, group | 1.591 -1.591
H, member 5
Lectl NM 010701 // Lectl // leukocyte 1.58707 | -1.58707
cell derived chemotaxin 1 // 14 D3 //
16840 ///
9130008F23Rik | NM 027834 // 9130008F23Rik // 1.58396 | -1.58396
RIKEN cDNA 9130008F23 gene //
17 C// 71583 /// EN
Pcdhbl1 NM 053136 // Pcdhbl1 // 1.5822 -1.5822
protocadherin beta 11 // 18 B3 //
93882 /// ENSMUST00000
5730407107Rik | ENSMUST00000069422 // 1.57093 | -1.57093
5730407107Rik // RIKEN cDNA
5730407107 gene // --- // 7051
Gstm6 NM 008184 // Gstm6 // glutathione | 1.56977 | -1.56977
S-transferase, mu 6 // 3 F2.3 // 14867
//l ENS
n/a --- 1.5673 -1.5673
Plcd3 phospholipase C, delta 3 1.5528 -1.5528
AK041797 --- 1.5528 -1.5528
C030011014Rik | --- 1.5528 -1.5528
n/a --- 1.5528 -1.5528
n/a --- 1.5528 -1.5528
n/a --- 1.5528 -1.5528
n/a --- 1.5528 -1.5528
Qpct NM 027455 // Qpct // glutaminyl- 1.54484 | -1.54484
peptide cyclotransferase (glutaminyl
cyclase) //
Ccl28 NM 020279 // Ccl28 // chemokine 1.52822 | -1.52822
(C-C motif) ligand 28 // --- // 56838
//l ENSMUS
Gm8840 XR 032645 // Gm8840 // predicted | 1.51585 | -1.51585

gene 8840 //1 C3 // 667842




Gm9078 XR 031413 // Gm9078 // predicted | 1.50366 | -1.50366
gene 9078 // X C3 // 668271

Gabra5 NM 176942 // Gabra5 // gamma- 1.50264 | 1.50264
aminobutyric acid (GABA) A
receptor, subunit alpha

E330027M22Rik | AK054458 // E330027M22Rik // 1.50502 | 1.50502
RIKEN cDNA gene,
E330027M22Rik // --- // 100038419

n/a --- 1.51105 | 1.51105

Fgfl4 NM 207667 // Fgf14 // fibroblast 1.51452 | 1.51452
growth factor 14 // 14 E5|14 59.0 cM
// 14169 /

Rprl2 NR 004439 // Rprl2 // ribonuclease | 1.51685 | 1.51685
P RNA-like 2 // ---// 19784

Plac9 NM 207229 // Plac9 // placenta 1.51819 | 1.51819
specific 9 // 14 B // 211623 ///
BC032982 // Plac

Snord33 NR 001277 // Snord33 // small 1.52073 | 1.52073
nucleolar RNA, C/D box 33 // 7 B4
// 27208

n/a — 1.52452 | 1.52452

Z{p868 NM 172754 // Zp868 // zinc finger | 1.52483 | 1.52483
protein 868 // 8 B3.3 // 234362 ///
NM 001045

Snora44 AF357394 // Snora44 // small 1.52484 | 1.52484
nucleolar RNA, H/ACA box 44 // 4|4
// 100217418

BC030870 ENSMUST00000098713 // 1.52645 | 1.52645
BC030870 // cDNA sequence
BC030870 // --- // 407795

snRNA --- 1.52858 | 1.52858

Rmrp NR 001460 // Rmrp // RNA 1.53004 | 1.53004
component of mitochondrial
RNAase P /4 B1// 19782

snRNA --- 1.53176 | 1.53176

Fam183b NM 029283 // Fam183b // family 1.53187 | 1.53187
with sequence similarity 183,
member B // 11 B1.3

Cedcl15 NM 027159 // Cedc115 // coiled- 1.53255 | 1.53255
coil domain containing 115// 1 B //
69668 /// EN

Gm10484 AK142929 // Gm10484 // predicted | 1.53306 | 1.53306




gene 10484 // --- // 100038503

Snhgl

AKO051045 // Snhgl // small
nucleolar RNA host gene (non-
protein coding) 1 // 19

1.53383

1.53383

Gm9282

XR 033945 // Gm9282 // predicted
gene 9282 // 12 A1.3 // 668645 ///
XR 034054 //

1.53816

1.53816

Capsl

NM 029341 // Capsl //
calcyphosine-like // 15 A1 // 75568
/// ENSMUST00000042360

1.53888

1.53888

snRNA

1.54879

1.54879

Trappc2l

NM 021502 // Trappc2l //
trafficking protein particle complex
2-like / 8 E1 //

1.55072

1.55072

Snora34

AF357396 // Snora34 // small
nucleolar RNA, H/ACA box 34 //
15]15// 100217417

1.55249

1.55249

Slc34a2

NM 011402 // Slc34a2 // solute
carrier family 34 (sodium
phosphate), member 2 //

1.55307

1.55307

Pcsk6

NM 011048 // Pcsk6 // proprotein
convertase subtilisin/kexin type 6 // 7
Cl|7 28.

1.56027

1.56027

Ear2

NM 007895 // Ear2 // eosinophil-
associated, ribonuclease A family,
member 2 // 1

1.57029

1.57029

Phxr4

BC107288 // Phxr4 // per-hexamer
repeat gene 4 // 9 A1 // 18689 ///
X12806 // Ph

1.57534

1.57534

Matn2

NM 016762 // Matn2 // matrilin 2 //
15B3.3// 17181 ///
ENSMUST00000022947 // M

1.5794

1.5794

Efhcl

EU520262 // Efhcl // EF-hand
domain (C-terminal) containing 1 //
1 AS5// 71877/

1.58143

1.58143

Vsigl

NM 030181 // Vsigl // V-set and
immunoglobulin domain containing
1//XF1//78

1.59441

1.59441

Cubn

NM 001081084 // Cubn // cubilin
(intrinsic factor-cobalamin receptor)
/2 A1]2

1.60886

1.60886

Kdm5d

NM 011419 // Kdm5d // lysine (K)-

1.60974

1.60974




specific demethylase 5D // 'Y Al //
20592 /// EN

Acvrlc NM 001111030 // Acvrle // activin | 1.6164 1.6164
A receptor, type IC //2 C1.1//
269275 /// NM
Fgfl NM 010197 // Fgfl // fibroblast 1.61827 | 1.61827
growth factor 1 // 18 B3|18 19.0 cM
// 14164 ///
Rassf9 NM 146240 // Rassf9 // Ras 1.62071 | 1.62071
association (RalGDS/AF-6) domain
family (N-terminal)
Rnu2 NR 004414 // Rnu2 // U2 small 1.62103 | 1.62103
nuclear RNA // --- // 19848 ///
NR 004414 // Rnu2
Kcnip4 NM 030265 // Kenip4 // Kv channel | 1.63221 | 1.63221
interacting protein 4 // 5 B3 // 80334
// ENS
Dkk1 NM 010051 // Dkk1 // dickkopf 1.63962 | 1.63962
homolog 1 (Xenopus laevis) // 19 C2
// 13380 /// E
snRNA — 1.66388 | 1.66388
B230354011Rik | AK046228 // B230354011Rik // 1.66391 | 1.66391
RIKEN cDNA B230354011 gene //
12 A1.3// 668468 ///
AW112010 EF660528 // AW112010 // expressed | 1.67792 | 1.67792
sequence AW112010// 19 A //
107350 /// ENSMUS
Adam?28 NM 010082 // Adam28 // a 1.69066 | 1.69066
disintegrin and metallopeptidase
domain 28 // 14 D2 //
AKO009175 --- 1.69391 | 1.69391
Abhd1 abhydrolase domain containing 1 1.6956 1.6956
Trip6 thyroid hormone receptor interactor | 1.71235 | 1.71235
6
snRNA --- 1.72719 | 1.72719
unknown cDNA | --- 1.73924 | 1.73924
Pcdhl10 NM 001098171 // Pedh10 // 1.74845 | 1.74845
protocadherin 10 // 3 C // 18526 ///
NM 011043 // Pcdh
mitochondrion - 1.77531 | 1.77531
Rnyl NR 004419 // Rnyl // RNA, Y1 1.8161 1.8161

small cytoplasmic, Ro-associated //




6/6 54.3 cM //

Naaladl2 XM 975226 // Naaladl2 // N- 1.82424 | 1.82424
acetylated alpha-linked acidic
dipeptidase-like 2 //
Bend6 NM 177235 // Bend6 // BEN 1.86022 | 1.86022
domain containing 6 // 1 B // 320705
/// ENSMUST000000
Emb NM 010330 // Emb // embigin // 13 | 1.86958 | 1.86958
D2.3// 13723 ///
ENSMUST00000022242 // Emb //
Ccdc67 NM 181816 // Cedc67 // coiled-coil | 1.8701 1.8701
domain containing 67 // 9 A2 //
234964 /// EN
Gtf3c2/Mpv17 --- 1.87106 | 1.87106
transgene
Gm9943 ENSMUSTO00000067349 // Gm9943 | 1.88364 | 1.88364
// predicted gene 9943 // --- //
100036531 /// ENSM
1700003M0O2Rik | NM 027041 // 1700003MO2Rik // 1.88947 | 1.88947
RIKEN cDNA 1700003M02 gene //
4 A5// 69329 /// EN
1700011H14Rik | BC026534 // 170001 1H14Rik // 1.91853 | 1.91853
RIKEN cDNA 1700011H14 gene //
14 C1// 67082 /// EN
Gmo606 BC086669 // Gm606 // predicted 1.9554 1.9554
gene 606 // 16 B2 // 239789 ///
ENSMUST0000008983
Gm10664 ENSMUST00000098718 // 1.98689 | 1.98689
Gm10664 // predicted gene 10664 //
--- // 100038489
Clca4 NM 139148 // Clca4 // chloride 2.02107 | 2.02107
channel calcium activated 4 // 3 H2-
H3 // 229927
mitochondrion --- 2.02263 | 2.02263
Ddx3y NM_012008 // Ddx3y / DEAD 2.04613 | 2.04613
(Asp-Glu-Ala-Asp) box polypeptide
3, Y-linked / Y Al
snRNA --- 2.04892 | 2.04892
snRNA --- 2.04892 | 2.04892
Meigl NM 008579 // Meigl // meiosis 2.05128 |2.05128

expressed gene 1 //2 A1 // 104362
/// ENSMUST0000




Cldn8

NM 018778 // Cldn8 // claudin 8 //
16 C3.3 // 54420 ///
ENSMUST00000049697 // C1

2.06801

2.06801

Kcenjl3

NM 001110227 // Kenj13 //
potassium inwardly-rectifying
channel, subfamily J, me

2.10826

2.10826

snRNA

2.12772

2.12772

Uty

NM 009484 // Uty // ubiquitously
transcribed tetratricopeptide repeat
gene, Y ch

2.21234

2.21234

Cpa3

NM 007753 // Cpa3 //
carboxypeptidase A3, mast cell /3
A2|313.2cM // 12873/

2.28783

2.28783

LOC677548

XR 034974 // LOC677548 // similar
to Hippocalcin-like protein 1
(Visinin-like pr

2.28948

2.28948

Hdc

NM 008230 // Hdc // histidine
decarboxylase // 2 E5-G // 15186 ///
ENSMUST000000

2.31709

2.31709

Agr2

NM 011783 // Agr2 // anterior
gradient 2 (Xenopus laevis) // 12 A3
/123795 /1

2.53228

2.53228

Gm4638

XM 001480931 // Gm4638 //
predicted gene 4638 // 14 D3|14 //
100043775 /// XM_00

2.60111

2.60111

LOC280487

X16670 // LOC280487 // pol
polyprotein // 13 A3.1 // 280487

2.60111

2.60111

Earl

NM 007894 // Earl // eosinophil-
associated, ribonuclease A family,
member 1//1

2.65703

2.65703

mitochondrion

2.72734

2.72734

Eif2s3y

NM 012011 // Eif2s3y // eukaryotic
translation initiation factor 2, subunit
3,s

2.81909

2.81909

mitochondrion

3.34419

3.34419

Tecrl

NM 153801 // Tecrl // trans-2,3-
enoyl-CoA reductase-like // 5 E1 //
243078 /// E

3.55249

3.55249

Habp2

NM 146101 // Habp2 // hyaluronic
acid binding protein 2 // 19 D2 //
226243 /I E

4.85063

4.85063

mitochondrion

5.2727

5.2727




mitochondrion

5.71257

5.71257

mitochondrion

6.1976

6.1976




	SUMMARY
	KEY WORDS: Foxp1, Foxp4, Endoderm, Goblet cell, Lung, Regeneration, Mouse
	INTRODUCTION
	MATERIALS AND METHODS
	Animals
	Naphthalene injury
	Histology
	Microarray studies
	Quantitative PCR
	ChIP and ChIP-seq analysis
	Cell culture transfection assays

	RESULTS
	Loss of Foxp1/4 expression inhibits early secretory cell differentiation
	Proximal airway epithelial differentiation defects in Foxp1/4ShhcreDKO mutants
	Lung endoderm progenitor allocation and Notch signaling are unaffected in
	Ectopic activation of the goblet cell program in Foxp1/4ShhcreDKO mutants
	Overexpression of Agr2 can elicit the goblet cell fate in
	Foxp1/4 are required for regeneration of secretory cells in lung

	Fig. 1.
	Fig. 2.
	Fig. 3.
	Fig. 4.
	Fig. 5.
	Fig. 6.
	DISCUSSION
	Fig. 7.
	Supplementary material
	References

