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Transcription factors (TFs) are dosage-sensitive master regulators of gene expression, with haploinsufficiency fre-
quently leading to life-threatening disease. Numerous mechanisms have evolved to tightly regulate the expression
and activity of TFs at the transcriptional, translational, and posttranslational levels. A subset of long noncoding
RNAs (lncRNAs) is spatially correlated with transcription factors in the genome, but the regulatory relationship
between these lncRNAs and their neighboring TFs is unclear. We identified a regulatory feedback loop between the
TF Foxa2 and a downstream lncRNA, Falcor (Foxa2-adjacent long noncoding RNA). Foxa2 directly represses Falcor
expression by binding to its promoter, while Falcor functions in cis to positively regulate the expression of Foxa2. In
the lung, loss of Falcor is sufficient to lead to chronic inflammatory changes and defective repair after airway epi-
thelial injury. Moreover, disruption of the Falcor–Foxa2 regulatory feedback loop leads to altered cell adhesion and
migration, in turn resulting in chronic peribronchial airway inflammation and goblet cell metaplasia. These data
reveal that the lncRNA Falcor functions within a regulatory feedback loop to fine-tune the expression of Foxa2,
maintain airway epithelial homeostasis, and promote regeneration.
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Maintaining precise control over patterns of gene expres-
sion throughout development is a critical perquisite to an
organism’s survival and health. Many transcription fac-
tors (TFs) serve as themaster regulators of gene expression
within broad and complex gene regulatory networks. Each
TF can influence the expression of hundreds to thousands
of downstream targets within the context of regulatory
modules that may establish andmaintain lineage identity
(Holmberg and Perlmann 2012). Given the central role of
TFs in regulating gene expression, it is not surprising that
even modest changes in TF dosage are not well tolerated.
TFs as a group are significantly overrepresented among
the genes for whom haploinsufficiency is known to result
in human disease (Dang et al. 2008). Consequently, nu-

merous layers of regulation have evolved to precisely con-
trol the expression levels of TFs throughout the life span
of an organism (Lee and Young 2013; Voss and Hager
2014).

It is now widely recognized that the majority of the
mammalian genome is transcribed despite the fact that
<2% of genomic sequence actually encodes for protein
(Djebali et al. 2012). Long noncoding RNAs (lncRNAs),
defined as RNA transcripts >200 nt in length that do not
encode a protein, are a heterogeneous class of transcripts
that is increasingly being recognized as critical regulators
of gene expression (Ulitsky and Bartel 2013; Jandura and
Krause 2017). lncRNAs can act in cis or trans to control
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gene expression in a precise temporal and spatial manner
(Kopp and Mendell 2018). lncRNAs acting in trans may
regulate gene expression at the transcriptional level or
perform completely independent functions such as acting
as a molecular sponge for proteins or miRNAs (Marchese
et al. 2017; Noh et al. 2018). lncRNAs acting in cis have
been shown to regulate neighboring protein-coding genes
(PCGs) by recruiting chromatin regulators or TFs to the lo-
cus to modulate gene expression (da Rocha and Heard
2017). In other cases, the act of transcription through
the lncRNA locus and/or splicing of the RNA transcript
rather than the primary RNA sequence itself is thought
to modulate the neighboring PCG’s expression (Anderson
et al. 2016; Engreitz et al. 2016). Our group demonstrated
previously that lncRNAs expressed in the lung, as a class,
are statistically more likely to be within close proximity
to a TF, including many of the TFs known to direct funda-
mental aspects of lung development (Herriges et al. 2014).
The TF Foxa2, a member of the forkhead class of DNA-

binding proteins, has been shown to act as a “pioneer fac-
tor” that engages chromatin to control early development
of the node, notochord, and endoderm, followed by subse-
quent specification and development of endoderm-
derived organs, including the liver, pancreas, and lung
(Ang and Rossant 1994; Gualdi et al. 1996; Wan et al.
2004a,b, 2005; Lee et al. 2005; Gao et al. 2008). Expression
of Foxa2 is first seen inmice at embryonic day 6.5 (E6.5) in
the primitive streak and node during gastrulation (Ang
and Rossant 1994; Besnard et al. 2004; Uetzmann et al.
2008). Foxa2 plays an essential role in epiblast cell migra-
tion and establishment of apical–basal polarity and new
intracellular junctions in the early mammalian embryo
(Burtscher and Lickert 2009). Data from lung, intestine,
and endometrium collectively suggest that Foxa2, either
alone or in combination with other TFs such as Nkx2-1
and Cdx2, continues to maintain epithelial identity by
promoting cell–cell adhesion (through regulation of genes
such as E-cadherin) and suppressing cell migration (Tang
et al. 2011; Gosalia et al. 2015; Li et al. 2015; Zhang
et al. 2015; Jägle et al. 2017; Lin et al. 2018).
Here we show that the lncRNA Falcor (Foxa2-adjacent

long noncoding RNA), which is located downstream
from Foxa2, is positionally and functionally conserved
between mice and humans and is expressed in a pattern
similar to Foxa2 throughout development. Falcor posi-
tively regulates the expression of Foxa2 in cis, whereas
Foxa2 negatively regulates the expression of Falcor by
directly binding to its promoter. While Falcor is not re-
quired for normal development, Falcor-null mice exhibit
defects in regeneration of the airway epithelium after
injury, including incomplete re-epithelialization of the
lung airways, goblet cell metaplasia, and chronic peri-
bronchial inflammation. Moreover, specific disruption
of the Foxa2–Falcor regulatory feedback loop exacerbates
the effects of Foxa2 haploinsufficiency in the airway epi-
thelium, leading to peribronchial inflammation and gob-
let cell metaplasia. Taken together, these data highlight
the importance of the lncRNA Falcor in the maintenance
of precise Foxa2 dosage in the setting of tissue homeosta-
sis and regeneration.

Results

Falcor is positionally conserved between mice and
humans and is coordinately expressed with Foxa2
throughout development

We first identified Falcor in a screen of lncRNAs expressed
in the developing mouse lung as a noncoding transcript
∼2 kb downstream from the 3′ terminus of Foxa2 (Herriges
et al. 2014). Initially annotated in mice as RIKEN cDNA
clone 9030622O22Rik (ENSMUSG00000086141, Ensem-
bl release 91), Falcor originates from a genomic region
103 kb in length and containsmultiple transcript isoforms
ranging in length from 2 to 9.2 kb (Fig. 1A). No transcrip-
tional readthrough between the Foxa2 and Falcor locus
was detected by either RNA-seq or targeted PCR, verify-
ing it as a unique gene locus. In humans, LINC00261/
DEANR1 (ENSG00000259974, Ensembl release 91) is
also located ∼2 kb downstream from the 3′ terminus of
Foxa2 (Fig. 1A; Jiang et al. 2015). ChIP-seq for the promot-
er-associatedmarks Pol2 andH3K4me3 demonstrates dis-
crete peaks surrounding the Falcor transcriptional start
site that are distinct from the Foxa2 locus (Fig. 1B). The
Falcor promoter region is H3K4me3-high/H3K4me1-
low, indicating that this is a bona fide promoter region
and not an enhancer element for Foxa2 (Supplemental
Fig. 1A). Although these equivalently positioned mouse
and human lncRNAs have overall poor primary sequence
conservation, the promoter region, transcriptional start
site, and first exon exhibit strong conservation across all
primates and placental mammals, with conservation ex-
tending to Xenopus tropicalis, zebrafish, and tetraodons
but not lampreys (Supplemental Fig. 1A).
Falcor and Foxa2 exhibit nearly identical patterns of

expression throughout mouse development, with strong
expression seen in the neural tube and endoderm-derived
organs, including the lung, liver, intestine, and pancreas
(Fig. 1C–O). Falcor and Foxa2 are highly expressed in the
developing epithelium of the mouse and human lung
(Fig. 1O; Herriges et al. 2014). In adult mice, the highest
levelsofFalcorandFoxa2areseen in theairwayepithelium
(Fig. 1C–L). In lung epithelium, subcellular localization of
Falcor is predominantlynuclear (Fig. 1E, inset). Inhumans,
Falcor and Foxa2 expressionwas highly coordinated across
42 tissue types examined (Fig. 1M). Levels of FALCOR
and FOXA2 were highly correlated across lung tissue ob-
tained from >300 human samples (n= 321; Spearman ρ=
0.808; P< 1 × 10−16) (Fig. 1P; The GTEx Consortium 2013).

Falcor functions within a regulatory feedback loop
to positively regulate the expression of Foxa2

TodeterminehowFalcormayregulate tissuedevelopment
and regeneration,weusedCRISPR–Cas9 technology to ab-
late Falcor transcription by deleting the Falcor promoter,
transcriptional start site, and first exon in mice and used
lentiviral shRNA knockdown to deplete the FALCOR
RNA transcript in the human airway epithelial cell lines
A549 and HBEC-3KT in vitro. We used ChIP-seq data for
this region to define the Falcor promoter as H3K4me3-hi/
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H3K4me1-low and also containing Pol2-binding peaks
(Fig. 1B; Supplemental Fig. 1A–D). CRISPR-mediated dele-
tion of the Falcor promoter region resulted in a >90%
decrease in Falcor transcript detectable by either RNA-
seqorqPCRfromthe lungepithelium(Fig. 2A;Supplemen-
tal Fig. 1E,F). In bothmice andhumans, loss of Falcor/FAL-
COR expression resulted in a modest but significant
decrease in the expression of Foxa2 (Figs. 2A, 6A–D [be-
low]). In contrast, either global haploinsufficiency or com-
plete deletion of Foxa2 in the lung epithelium using
Foxa2flox/flox:Shhcre mice resulted in a marked increase in
Falcorexpression (Fig. 2B,E).Analysisof theFalcorpromot-

er region demonstrates multiple predicted Foxa1 and
Foxa2TF-bindingsites, andFOXA2ChIP-seqdata fromhu-
man livers demonstrate FOXA2 binding to the FALCOR
promoter region, suggesting that Foxa2may directly regu-
late Falcor expression (Fig. 2C). Importantly, overexpres-
sion of Foxa2 in A549 cells resulted in decreased levels of
FALCOR RNA in a direct regulation of Falcor by Foxa2
(Fig. 2D). Taken together, these data suggest a regulatory
feedback loop in which Falcor positively regulates the ex-
pressionofFoxa2, andFoxa2 in turnprovidesnegative feed-
back to Falcor expression by directly binding to its
promoter.
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Figure 1. Falcor and Foxa2 are coordinately expressed throughout development in mice and humans. (A) The lncRNA Falcor is located
2 kb downstream from the TF Foxa2 in bothmice and humans. Although overall primary sequence conservation is poor, the promoter and
first exon of Falcor and overall positional relationship to Foxa2 are well conserved. Both Falcor and Foxa2 are transcribed from the same
strand. (B) ChIP-seq for Pol2 andH3K4me3 from the liver (yellow) and lung (black) demonstrates distinct promoter elements for Falcor and
Foxa2. (C–L) Comparison between Falcor and Foxa2 expression in Scgb1a1+ secretory epithelial cells and Tub1a1+multiciliated epithelial
cells. (E, inset) Falcor expression was detected using an RNAscope probe, which suggests nuclear localization of the Falcor transcript.
Foxa2, Scgb1a1, and Tub1a1were detected by immunohistochemistry. (M ) RNA-seq expression data from 42 different tissue types within
the Genotype-Tissue Expression (GTEx) data set reveal coexpression of Falcor with Foxa2 in every tissue in which Foxa2 is expressed.
(N) During mouse development, in situ hybridization for Falcor and Foxa2 demonstrates nearly identical patterns, with expression
seen in the neural tube (NT) and gut endoderm (GE) at E9.5. (O) In the developing human lung, nearly identical patterns of Falcor and
Foxa2 expression are seen in the epithelium by in situ hybridization. (P) The expression of Falcor and Foxa2 is highly correlated within
hundreds of human lung tissue samples within the GTEx data set. n =321. Spearman ρ =0.808. P <1×10−16. Scale bars, 1000 µm
(N), 500 µm (O), 25 µm (C–L).
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The Falcor–Foxa2 regulatory loop is required
for maintenance of airway epithelial homeostasis

Falcor−/− mutants were viable with no overt phenotype in
adults at homeostasis. To further test the hypothesis that
Falcor positively regulates the expression of Foxa2 in cis,
we compared Falcor knockout mice (Falcor−/−) with
mice haploinsufficient for Foxa2 (Foxa2+/−) and mice hap-
loinsufficient for Falcor and Foxa2 in trans (Falcor+/−;
Foxa2+/−) (Fig. 2A; Lakso et al. 1996; Sund et al. 2000).
While there was a dosage-dependent decrease in Foxa2
from the Falcor−/− and Foxa2+/− mutants, the Falcor+/−;
Foxa2+/− mutants expressed the same levels of Foxa2 as
the Foxa2+/− mutants, suggesting either additional levels
of compensation to maintain Foxa2 expression levels out-
side of Falcor control or a failure to reproducibly detect
such small gene expression changes (Fig. 2A). Falcor+/−;
Foxa2+/− mutants were viable but, by 8−12 wk of age,
exhibited areas of peribronchial and perivascular inflam-
mation similar to Foxa2+/− mutants (Fig. 3A–D). This in-
flammatory infiltrate consisted of predominantly B220+

B cells (Fig. 3E–H). In Falcor+/−;Foxa2+/− mice, the inflam-

mation was most notable in the subepithelial region of
airway branch points, reminiscent of inducible bronchus-
associated lymphoid tissue (iBALT). At these foci of in-
flammation, CD3e+ T cells were found interspersed
among the B cells (Fig. 3E–H). Goblet cell metaplasia was
detectable by bothAlcian blue staining and immunohisto-
chemistry for Muc5Ac in Foxa2+/− and Falcor+/−;Foxa2+/−

mice, with greater numbers of goblet cells present in
the double-heterozygous animals (Fig. 3I–P). However,
goblet cellmetaplasiawas not detected inwild-type or Fal-
cor−/− animals at 8–12 wk of age (Fig. 3I–P). Ciliated and
secretory cells were present at roughly normal ratios (Sup-
plemental Fig. 2A–D). Similarly, immunohistochemistry
for keratin 8, a cytoskeletal protein ubiquitously ex-
pressed in the airway epithelium, did not reveal any gross
derangements of airway epithelial cell shape (Supplemen-
tal Fig. 2E–H). By 1 yr of age, areas of peribronchial inflam-
mation and goblet cell metaplasia were observed in
Falcor−/− mutants, reminiscent of the phenotypic chang-
es seen in Foxa2+/− and Falcor+/−;Foxa2+/− at younger ages
(Fig. 3Q–V).
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Figure 2. Falcor and Foxa2 functionwithin a regulatory feedback loop to tune Foxa2 expression. (A) Expression of Falcor and Foxa2 in Fal-
cor−/−, Foxa2+/−, and Falcor+/−;Foxa2+/− mice. Loss of Falcor−/− leads to a 25%–30% reduction in Foxa2 expression, whereas haploinsuffi-
ciency for Foxa2 leads to a marked increase in Falcor expression. (B) Conditional deletion of Foxa2 in the lung epithelium in Foxa2flox/flox:
Shhcre mutants reveals an increase in Falcor expression by in situ hybridization. The high-magnification inset demonstrates high levels of
uniformexpression throughout the airway epithelium,with lower levels of increased expression in the distal lung. (C ) Foxa2ChIP-seq data
from human livers reveal Foxa2-binding peaks (black and gray bars) within the promoter region of Falcor. (D) Overexpression of Foxa2 in
A549 cells in vitro leads to suppression of Falcor expression. (E) qPCRconfirms loss of Foxa2 expression and increased Falcor expression in
Foxa2flox/flox:Shhcre mutants. Scale bars, 1000 µm. (∗) P <0.05; (∗∗) P< 0.01; (∗∗∗) P<0.001.
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To better characterize the transcriptional changes that
were occurring due to disruption of Falcor and the Fal-
cor–Foxa2 regulatory loop, RNA-seq was performed on
CD326+ (Epcam) lung epithelium isolated from adult
wild-type, Falcor−/−, Foxa2+/−, and Falcor+/−;Foxa2+/−

mice (Fig. 4A–D; Supplemental Tables 1–3). Principal
component analysis (PCA) reveals the distinct nature of
the transcriptomic changes in each of these genotypes,
with the first dimension of differences driven primarily
by Foxa2 dosage (Fig. 4A). Gene set enrichment analysis
for the gene expression changes common to Falcor−/−

andeither Foxa2+/−orFalcor+/−;Foxa2+/− revealed genes re-
lated to cell adhesion, cytoskeletal changes, and epithelial
development (Fig. 4D). We also compared the transcrip-
tional changes observed in the mouse lung epithelium in
Falcor−/− or Foxa2+/− mice with those reported previously
in human embryonic stem (ES) cells following knockdown
of either FALCOR/DEANR1 or FOXA2 (Jiang et al. 2015).
A statistically significant overlap was observed between
genes differentially expressed at greater than twofold in
Falcor−/− mice compared with FALCOR/DEANR1- or
FOXA2-depleted human ES cells (representation factor 2
[P< 0.003] and representation factor 1.6 [P < 0.014], respec-
tively) orwhen genes differentially expressed in FOXA2+/−

mice were compared with FOXA2-depleted human ES

cells (representation factor 1.6; P< 1.156 × 10−7) (Supple-
mental Table 6). Moreover, gene set enrichment analysis
of these reported differentially expressed genes from hu-
man ES cells was enriched in numerous gene ontology
(GO) categories overlappingwith those presented in Figure
4, including “cell adhesion molecule binding,” “extracel-
lular matrix binding,” “cell migration,” “regulation of
cell motility,” “regulation of cell locomotion,” and
“tube morphogenesis” (Supplemental Tables 7, 8). Taken
together, these data suggest that loss of Falcor may prime
epithelial cells to react poorly to injury or could cause
loss of epithelial integrity at homeostasis.

Falcor is necessary for proper repair following airway
epithelial injury

Because the Falcor–Foxa2 regulatory loop appears to be in-
volved in maintenance of lung homeostasis through regu-
lation of cell–cell adhesion and cell migration, we
hypothesized that loss of Falcor would lead to impaired re-
generation after airway epithelial injury. We used the
naphthalene model of secretory cell depletion on Fal-
cor−/−, Foxa2+/−, or wild-type control mice. Within 48–
72 h, naphthalene is metabolized to a toxic intermediate
metabolite within Scgb1a1+ secretory cells, resulting in
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Figure 3. Disruption of the Falcor–Foxa2 feedback loop
leads to chronic peribronchial inflammation and goblet
cell metaplasia. (A–D) No gross phenotypic changes
were observed in the lungs of Falcor−/− or wild-type
mice, whereas Foxa2+/− and Falcor+/−;Foxa2+/− exhibited
areas of peribronchial and perivascular inflammation
(black arrowheads), particularly at airway branch points.
(E–H) This inflammatory infiltrate consists predomi-
nantly of B220+ B cells intermixed with CD3e+ T cells
andwasmore prominent in Falcor+/−;Foxa2+/− compared
with Foxa2+/− mice. (I–L) Alcian blue histochemical
staining of lungs from wild-type, Falcor−/−, Foxa2+/−,
and Falcor+/−;Foxa2+/− 10- to 12-wk-old mutants. (M–P)
Muc5ac immunohistochemical staining of adult lungs
from wild-type, Falcor−/−, Foxa2+/−, and Falcor+/−;
Foxa2+/− 10- to 12-wk-old mutants. (Q–V ) By 1 yr of
age, both peribronchial inflammation (Q–S) and goblet
cell metaplasia (T–V ) were also seen in Falcor−/− mice.
Scale bars: 250 µm (A,B,E,F,Q–S), 100 µm (C,D,G–H),
50 µm (T–V ), 25 µm (I–P).
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the loss of themajority of the cells of this lineage. Soon af-
ter depletion, the unaffected multiciliated cells flatten
and spread out tomaintain an intact airway epithelial bar-
rier, and the remaining secretory cells repopulate the air-
way (Fig. 5A; Stripp et al. 1995). In wild-type mice, 2 wk
after injury, regeneration of the secretory cell population
is observed, and, by 28 d, the repair process is largely com-
plete (Park et al. 2006; Wang et al. 2013). In both Falcor−/−

and Foxa2+/− mice, areas of both peribronchial and peri-
vascular inflammation are evident 1mo after naphthalene
injury (Fig. 5B–G,O). Areas of goblet cell metaplasia were
evident in both Falcor−/− and Foxa2+/− mice 1 mo after in-
jury (Fig. 5H–J). Of note, Foxa2 has been shown previously
to suppress goblet cell metaplasia by direct negative regu-
lation of Foxa3 and SPDEF expression (Chen et al. 2009,
2010, 2014; Rajavelu et al. 2015). Patches of airway were
still devoid of Scgb1a1+ secretory cells 1 mo after injury
in Falcor−/− and Foxa2+/− mice (Fig. 5K–N). Changes in
gene expression after injury in Falcor−/− lung tissue re-
vealed altered expression of genes related to “apical junc-
tion” and “oxidative phosphorylation,” which were also

impacted in Foxa2+/− and Falcor−/−;Foxa2+/− mice under
homeostasis (Fig. 5P,Q). Other categories were affected
in injured Falcor−/− mice that were not affected under ho-
meostasis, including “inflammatory response” and “un-
folded protein response” (Fig. 5P,Q). Notably, the
phenotype observed in Falcor−/− after injury bears striking
similarity to the Falcor+/−;Foxa2+/− mice at homeostasis,
with patchy peribronchial inflammation and goblet cell
metaplasia (Fig. 3).

The Falcor–Foxa2 regulatory loop is required
to maintain epithelial cell–cell adhesion and suppress
cellular migration

Our transcriptome data during lung homeostasis suggest
that Foxa2 and Falcor may regulate epithelial cell migra-
tion. While Foxa2 has been implicated in regulation of
cell adhesion and cell motility in other organ systems,
this has not been well studied in the lung epithelium
(Burtscher and Lickert 2009; Gosalia et al. 2015; Lin
et al. 2018). To test whether FALCOR regulated epithelial

BA

C D

Figure 4. The Falcor–Foxa2 regulatory loop regulates a transcriptional network involved in maintaining epithelial homeostasis in the
adult lung. (A) The transcriptome of lung epithelial cells (Epcam+) was assessed by RNA-seq analysis in wild-type, Falcor−/−, Foxa2+/−,
and Falcor+/−;Foxa2+/− adult mice, with each of the four genotypes clustering differently using PCA. (B) Heat maps of the top 100 differen-
tiallyexpressedgenes foreitherFalcor−/−orFoxa2+/−across all fourgenotypes. (C )Venndiagramofdifferentiallyexpressedgenes (boldnum-
bers) and enriched GO categories (numbers in parentheses) demonstrates greater overlap than expected by chance between the different
genotypes, with the greatest number of differentially expressed genes seen in Falcor+/−;Foxa2+/−mice. (D) Significantly enriched GO cate-
gories sharedacross the threegenotypeswerebroadly relatedtocell adhesion,cellmigration,andepithelial andmesenchymaldevelopment.
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cell adhesion and migration, we used lentiviral shRNA to
knock down FALCOR in the A549 and HBEC-3KT cell
lines. In both cell lines, knockdown of FALCOR expres-
sion also resulted in significant decreases in FOXA2 ex-
pression (Fig. 6A–D). Moreover, in both cell lines, cells
depleted of FALCOR demonstrated increased migration
in a transwell invasion assay (Fig. 6E–J). Similarly, A549
cells depleted of FALCORmigrated faster across a scratch
in the epithelial sheet compared with cells transduced
with a scrambled RNA (Fig. 6K–Q). Analysis of differen-
tially expressed genes important for cell adhesion and mi-
gration in sorted lung epithelium in vivo revealed that
genes important for hemidesmosome or focal adhesion as-
sembly (Dst, Hmcn1, and Macf1), cell–cell adhesion
(Dchs1), and cell migration (Dst, Hmcn1, Macf1, Itga7,
Ros1, and Dlc1) were differentially expressed in the
Foxa2/Falcor mutant allelic series (Supplemental Fig.
3A–D) or following FALCOR depletion in A549 and
HBECT-3KT cells (Supplemental Fig. 3E–I). Differential
expression of targets in Foxa2+/− mice, in human ES cells
following shRNA knockdown of Foxa2, and in ChIP-seq
data demonstrating Foxa2 binding in promoter and/or en-
hancer regions of these genes supports the idea that at
least a subset of these differentially expressed genes is a di-

rect transcriptional target of Foxa2. (Supplemental Fig. 3J–
L; Jiang et al. 2015). Taken together, these data suggest
that the Falcor–Foxa2 regulatory feedback loop serves to
maintain cell–substrate adhesion and suppress cell migra-
tion and that loss of this regulatory loop leads to disrupted
airway epithelial barrier integrity, peribronchial inflam-
mation, and incomplete epithelial regeneration in the
lung after injury in vivo (Fig. 7).

Discussion

Although numerous studies have examined the function
and biochemical properties of lncRNAs in vitro, the role
of lncRNAs in vivo, including their relevance to human
disease, has remained enigmatic (Wapinski and Chang
2011; Li and Chang 2014; Xue et al. 2017). Studies of
lncRNAs in vivo have also been complicated by a lack of
observed phenotypic effects at homeostasis, leaving it un-
clear as to whether more subtle phenotypes could be re-
vealed upon stress or injury. Our studies show that the
lncRNA Falcor fine-tunes the expression of Foxa2 and
that disruption of the Falcor–Foxa2 transcriptional circuit
results in subtle defects in lung airway epithelial
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Figure 5. Falcor is required for lung epithelial repair after airway injury. (A) Scgb1a1+ secretory cells were depleted from the airway by
administration of a single intraperitoneal (IP) dose of naphthalene; 48–72h after naphthalene administration, the vastmajority of secretory
cells have been cleared from the airway and the remaining ciliated cells have taken on a squamous configuration in order to maintain
epithelial barrier integrity. (B,E) In wild-type mice, airway epithelial repair is essentially complete 28 d after injury. In contrast, in
both Falcor−/− (C,F ) and Foxa2+/− (D,G) mice, areas of peribronchial (single asterisks) and perivascular (dashed outlines) inflammation and
an alveolar infiltrate (double asterisks) are seen 1 mo after injury. (H–J) Areas of goblet cell metaplasia are present in both Falcor−/− and
Foxa2+/−, but not wild-type, mice 1 mo after injury. (K–N) Quantitative analysis of the ratio of secretory (Scgb1a1+) to multiciliated
(Tub1a1+) epithelial cells 1 mo after injury demonstrates incomplete recovery of the secretory cell population in Falcor−/− and Foxa2+/−

mice. (O) Analysis of whole-lung isolate by flow cytometry 28 d after injury reveals an increase in B220+ B cells. (P,Q) Transcriptional
analysis of Falcor−/− and wild-type whole lung 28 d after injury demonstrates altered expression of genes involved in immune response,
oxidative phosphorylation, unfolded protein response, and apical junctions. Scale bars: 250 µm (B–D), 100 µm (E–G), 25 µm (H–M ). (∗) P <
0.05; (∗∗) P <0.01.
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homeostasis andmore dramatic defects in airway regener-
ation after acute injury. These data reveal that subsets of
lncRNAscan tune the expressionofneighboringTFs, play-
ing key roles in both tissue homeostasis and regeneration.
The TF Foxa2 plays an essential role in specification of

early embryonic endoderm and development of endo-
derm-derived organs. Almost immediately after establish-
ment of endodermal identity, Foxa2+ endodermal cells
acquire features characteristic of epithelium, including
apical–basal polarity, proper adhesion to an underlying
basement membrane, and establishment of tight intracel-
lular junctions. Loss of Foxa2 during early development
impairs the nascent endoderm’s ability to establish these
core aspects of epithelial identity, ultimately leading to
early embryonic lethality (Ang and Rossant 1994;
Burtscher and Lickert 2009). Maintenance of epithelial in-
tegrity through these processes is critical for the homeo-
stasis of tissues. Our data, along with previous reports,
suggest that loss of Foxa2, either directly or by disruption
of the Falcor–Foxa2 regulatory loop, is sufficient to alter

cell–cell adhesion andmigration (Tang et al. 2011; Gosalia
et al. 2015; Li et al. 2015;Zhanget al. 2015; Jägle et al. 2017;
Lin et al. 2018). Our in vitro studies are also consistent
with observations from several other groups (Sha et al.
2017; Wang et al. 2017; Yu et al. 2017; Zhang et al. 2018).
Computational analysis of the FOXA2 gene regulatory
network in intestinal epitheliumhas similarlyhighlighted
the central role of this TF in coordinating the expression of
genes involved in cell migration, cell motion, and plasma
membrane function (Gosalia et al. 2015). Decreased ex-
pression of either FALCOR (LINC00261/DEANR1) or
FOXA2 has been associated with various forms of malig-
nancy, including lung adenocarcinoma, and has been im-
plicated with both tumor invasion and metastasis (Xu
et al. 2001; Basseres et al. 2012; Cao et al. 2013; Smith
et al. 2016; Vorvis et al. 2016; Liu et al. 2017; Dhamija
et al. 2018; Le Gallo et al. 2018). Decreased expression lev-
els of both FALCOR and FOXA2 has also been reported in
ectopic endometrial tissue in endometriosis, a nonmalig-
nant condition that is nonetheless characterized by spread
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Figure 6. Disruption of the FALCOR–
FOXA2 regulatory loop leads to alterations
in cell migration and cell adhesion. (A–D)
shRNAs targeting either FALCOR or a
scrambled control were introduced into
A549 (A,B) and HBEC-3KT (C,D) cells using
lentivirus, resulting in 70%–90% knock-
down of FALCOR, with a concomitant re-
duction in FOXA2 expression. (E–J)
Depletion of FALCOR caused increasedmi-
gration of cells into a transwell membrane
in A549 and HBEC-3KT cells. (K–Q) A549
cells depleted of FALCOR migrated faster
into the denuded region during “scratch”
assays. Data represent the average of four
to six assays ±SEM. Scale bars, 250 µm. (∗)
P<0.05; (∗∗) P< 0.01.
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of epithelial cells far beyond their normal place of resi-
dence (Sun et al. 2014; Sha et al. 2017; Lin et al. 2018). In
the mouse lung, altered Falcor–Foxa2 gene dosage results
in chronic inflammatory changes and defective airway ep-
ithelial repair after injury. Similarly, loss of Nkx2.1 alone,
either directly or by disruption of the NANCI lncRNA–

Nkx2.1 feedback loop, leads to impaired cell–cell adhe-
sion, pulmonary inflammation, and loss of lung cell
type identity (Snyder et al. 2013; Herriges et al. 2017).
Due to redundancy inmaintaining core features of epithe-
lial identity, more dramatic effects such as epithelial-to-
mesenchymal transition (EMT) or promotion of metasta-
sis in the setting of malignancy likely require alterations
in the expression levels of multiple TFs, as was demon-
strated recently for lung adenocarcinoma (Li et al. 2015).
However, even subtle alterations in epithelial barrier in-
tegrity due to modest alterations in expression level of a
TF such as Foxa2 orNkx2.1 could potentially have signifi-
cant health impacts for a human subjected to recurrent in-
juries due to environmental exposures and respiratory
viral infections (Hammad and Lambrecht 2015; Schleimer
and Berdnikovs 2017).

A lncRNA that correlates with the human ortholog of
FALCOR was described previously in human ES cells,
where it was called DEANR1 and was proposed to be crit-
ical for endoderm generation (Jiang et al. 2015). Loss of
DEANR1/FALCOR in human ES cells led to severe de-
fects in early endoderm development. In contrast, our
study shows that loss of Falcor inmice results in relatively
normal development, including in endodermal-derived
organs such as the lungs. However, Falcor is required for
maintaining normal airway epithelial homeostasis and
the response to epithelial injury. A close comparison of
the transcriptomic profile in human ES cells depleted of
FALCOR/DEANR1 with the mouse data presented here
highlights the role of the Falcor–Foxa2 regulatory loop
transcriptional regulation of gene targets related to cell ad-
hesion, cell migration, and epithelial development.
Moreover, our data are entirely consistent with the cis-
regulatory relationship between FALCOR/DEANR1 and
FOXA2 proposed by Jiang et al. (2015). Although we
were not able to replicate the proposed interaction be-
tween FALCOR and SMAD2/3 in lung epithelial cells

using targeted RNA immunoprecipitation (RIP) and
unbiased proteomics assays, we believe that recruitment
of protein complexes augmenting transcription at the
FOXA2 locus by FALCOR is a plausible mechanism of ac-
tion and warrants further investigation. The differences in
phenotypic effect size between these two model systems
could be due to a more important role for DEANR1/
FALCOR in humans or differences between an in vivo ani-
malmodel and in vitro cell culture systems such as ES cells.

Given the potentially severe consequences for failing to
maintain proper expression levels of master TFs such as
Foxa2, it is not surprising thatmultiple layers of regulation
have evolved to tightly control their expression at the tran-
scriptional, translational, and posttranslational levels.
Our datahighlight that although loss of the lncRNAFalcor
does not result in an overt developmental phenotype, it
nonetheless plays an important role in modulating Foxa2
levels in response to additional stressors such as injury.
Even with a single injury to the airway epithelium, loss
of this additional layer of regulatory control is sufficient
to lead to chronic pulmonary inflammation, impaired epi-
thelial repair, and goblet cell metaplasia. While some
lncRNAs may not have an obvious role in regulating
gene expression in vivo, our data point to an emerging con-
cept that lncRNAs provide an important tunable mecha-
nism to regulate TF expression. Effects of these lncRNAs
may not be readably evident at homeostasis butmay be re-
vealedunder stress and after injury.This is particularly rel-
evant in the context of disease, asmost human diseases do
not result from the complete loss of gene function or com-
plete lackof cell lineage specificationduringdevelopment.
Instead, subtle derangements in gene expression in the
context of environmental exposures or repetitive injuries
is the norm, highlighting the importance of future studies
aimed at unraveling higher-order gene regulatory mecha-
nisms such as the Falcor–Foxa2 feedback loop to better un-
derstand human disease processes.

Materials and methods

Animals

Foxa2 was conditionally deleted from the lung epithelium
by crossing Foxa2loxP/loxP mice (Foxa2tm1Khk; JAX, stock no.
022620) with mice expressing Cre recombinase from the Shh lo-
cus [Shhtm1(EGFP/cre)Cjt; JAX, stock no. 005622] (Sund et al. 2000;
Harfe et al. 2004). Mice globally haploinsufficient for Foxa2
were generated by crossing Foxa2loxP/loxP mice with mice consti-
tutively expressing Cre recombinase driven by EIIA [Tg(EIIa-cre)
C5379Lmgd; JAX, stock no. 003724] (Lakso et al. 1996). The Fal-
cor knockoutmousewas generated by direct oocyte injection of a
1:1 mixture of two purified pSpCas9(BB)-2A-Puro v2.0 (PX459;
Addgene plasmid no. 62988) constructs with sgRNAs flanking
the Falcor promoter, transcriptional start site, and first exon (Sup-
plemental Fig. 1B–D; Supplemental Table 4). Founder mice were
genotyped for the deletion after confirmation by Sanger sequenc-
ing and then crossed to wild-type CD1 mice (Charles River) for
more than three generations before studies were performed (Sup-
plemental Fig. 1C,D). Experiments were performed on a mixed
C57Bl6 CD1 background. All animal work was performed under
the approval and guidance of the University of Pennsylvania and

Figure 7. Model for Falcor regulation of Foxa2. The lncRNA Fal-
cor positively regulates the expression of the TF, which in turn
provides negative feedback on Falcor expression by direct binding
of Foxa2 to the Falcor promoter.
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Cincinnati Children’s Hospital Institutional Animal Care and
Use Committees.

Histology, in situ hybridization, and immunofluorescence

Tissues were fixed in 4% paraformaldehyde, embedded in paraf-
fin wax, and sectioned at 5-µm intervals. Deidentified human
fetal lung samples were collected through an Institutional Re-
view Board protocol at Temple University (Philadelphia, PA).
Slides were stained with hematoxylin and eosin, Alcian blue,
or Weigert’s stain for elastin using standard protocols. Complete
protocols are available at https://www.pennmedicine.org/
departments-and-centers/penn-cardiovascular-institute/core-
facilities/histology-and-gene-expression-core#tab-3. Immunoflu-
orescence was performed using the following antibodies: mouse
anti-Muc5Ac (1:200; Abcam), rat anti-B220 (1:200; BioLegend),
rabbit anti-CD3e (1:200; Invitrogen), rabbit anti-Scgb1a1 (1:500;
Seven Hills Bioreagents), mouse anti-Krt8 (1:100, Biolegend),
and mouse anti-Tub1a1 (1:1000; Sigma-Aldrich). Slides were
mounted with VectaShield mounting medium containing DAPI
(Vector Laboratories) and then imaged on either a Nikon Eclipse
90i wide-field or Nikon A1R GaAsP inverted confocal micro-
scope. In situ hybridization was performed as described previous-
ly (Zhang et al. 2008; Herriges et al. 2014). In order to study the
cell type distribution and subcellular localization of Falcor, RNA-
Scope in situ hybridizationwas performed per themanufacturer’s
instructions using a custom-prepared probe (Mm-cust-Falcor;
ACD, catalog no. 512881, lot no. 17228B) and the RNAScope
2.5 HD detection reagent-RED kit (Advanced Cell Diagnostics,
catalog no. 322360). Probes targeting PPIB (ACD, catalog no.
313911) and the bacterial gene dapB (ACD, catalog no. 310043)
were used as positive and negative controls, respectively.

RNA-seq and computational analyses

Lungs fromwild-type (n=5) , Falcor−/− (n =5), Foxa2+/− (n =4), and
Foxa2+/−;Falcor+/− mice (n=4) of both genders at 10–12 wk of age
were harvested and processed into single-cell suspensions using a
dispase (Collaborative Biosciences)/collagase (Life Technologies)/
DNase solution. Epithelial cells were enriched using a CD326
(EpCAM) antibody (eBioscience, 17-5791-82) and Dynabeads
magnetic sorting (sheep antirat IgG; Invitrogen) according to
the manufacturer’s instructions. Total RNA was extracted from
isolated epithelial cells using Trizol (Invitrogen) and then purified
with RNEasy columns (Qiagen) prior to RNA-seq. Library prepa-
ration and sequencing for these samples were performed at Gen-
eWiz, LLC. Fastq files were assessed for quality control using the
FastQC program. Fastq files were aligned against themouse refer-
ence genome (mm10) using the STAR aligner (Dobin et al. 2013).
Duplicate reads were flagged using the MarkDuplicates program
from Picard tools. Per-gene read counts for Ensembl (version 67)
gene annotations were computed using the Rsubread R package,
with duplicate reads removed. Gene counts, represented as
counts per million (CPM), were first nominalized using the
TMMmethod in the edgeR R package, and genes with 25% of
samples with a CPM of >1 were removed. The data were trans-
formed using the VOOM function from the limma R package
(Law et al. 2014). Additionally, due to the use of magnetic bead
sorting, genes detectable only at low expression levels (VOOM
transformed counts per million values [v$E] of <9) were excluded
from subsequent analysis tominimize potential effects fromnon-
epithelial cell contamination. Differential gene expression was
performed using a linear model with the limma package. Heat
maps and PCA plots were generated in R. GO enrichment analy-
sis for the biological process was performed using R package

GAGE. ChIP-seq data for H3K4me1, H3K4me3, Pol2, Foxa1,
and Foxa2 for the mouse lung and human liver were accessed ei-
ther directly from the ENCODE Project Web site (http://www
.encodeproject.org) or via the University of California at Santa
Cruz (UCSC) genome browser (https://genome.ucsc.edu) (EN-
CODE Project Consortium 2012; Sloan et al. 2016). Human ex-
pression data for FALCOR and FOXA2 were obtained for 42
different tissue types from the Genotype-Tissue Expression
(GTEx) Project database (The GTEx Consortium 2013). The
GTEx Project was supported by the Common Fund of the Office
of theDirector of theNational Institutes of Health and by theNa-
tional Cancer Institute; the National Human Genome Research
Institute; the National Heart, Lung, and Blood Institute; the Na-
tional Institute on Drug Abuse; the National Institute of Mental
Health; and the National Institute of Neurological Disorders and
Stroke. Version 6 of the GTEx data set was obtained directly from
the GTEx portal (https://gtexportal.org/home). Expression levels
for FALCOR and FOXA2were plotted across the nine tissue types
expressing FALCOR/FOXA2 using the box plot function of
ggplot2() in R (Wickham 2016). Expression levels of FALCOR
and FOXA2 in individual human lung samples (n=321) were plot-
ted, and correlation was assessed using a linear regression model
with ggplot2 in R. Genomic interval plots were generated using
the UCSC genome browser using either the human GRCh37/
hg19 or mouse GRCm38/mm10 genome builds. The Gene Ex-
pression Omnibus accession number for the RNA-seq is
GSE126818.

Quantitative real-time PCR

Total RNAwas isolated from the indicated tissues or cell lines us-
ing Trizol (Invitrogen) per the manufacturer’s protocol. cDNA
was synthesized from total RNA by using the SuperScript IV
strand synthesis system (Invitrogen). Quantitative real-time
PCR was performed using the SYBR Green system (Applied Bio-
systems) with primers listed in Supplemental Table 5. GAPDH
expression values were used to control for RNA quantity. Two-
tailed Student’s t-test was used for all comparisons involving
two groups (e.g., Scrambled vs. Falcor shRNA).

Naphthalene injury

Falcor−/− and Foxa2+/−mice as well as wild-type controls were ad-
ministered 275 μg/kg naphthalene (Sigma-Aldrich) dissolved in
corn oil (MP Biomedicals) via a single intraperitoneal injection
(Stripp et al. 1995). Lung tissue was harvested 30 d after injury
and processed for histology and immunofluorescencemicroscopy
as described above. The relative numbers of Club to ciliated cell
after airway epithelial repair was assess by counting the number
of Scgba1a1+ (Club) or Tub1a1+ (ciliated) cells in at least 10 ran-
domly selected airway sections from each of n =8–10 animals
per genotype. To characterize the immune cell infiltrate follow-
ing injury, the right lungs from wild-type or Falcor−/− animals
(n=4) 28 d after naphthalene injury were minced, incubated for
30 min at 37°C with shaking (150 rpm in digestion buffer:
RPMI 1640 with 10% FBS, 15 mM HEPES, 1% [w/v] penicillin/
streptomycin, 300 UmL−1 collagenase VIII), and pressed through
a 100-µm nylon strainer to obtain single-cell suspension. The
cells (1 × 107) were washed and incubated for 10 min at 4°C
with antimouse CD16/CD32 and then reincubated for 30 min
at 4°C with antimouse CD45 antibody (30-F11), antimouse
CD4 antibody (GK1.5), antimouse CD8 antibody (53-5.8), anti-
mouse CD11b antibody (M1/70), antimouse CD11c antibody
(N418), antimouse CD19 antibody (6D5), antimouse Ly6G anti-
body (1A8), and antimouse F4/80 antibody (BM8), all diluted
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1:100 (Biolegend). Data were collected with an LSRII flow cytom-
eter (BD Biosciences) and analyzed with the FlowJo analysis soft-
ware (FlowJo, LLC). For gene expression studies following lung
injury, biotinylated cRNAprobe libraries were generated from to-
tal RNA isolated from homogenized (TissueLyser, Qiagen)
whole-lung samples with Trizol (Invitrogen) and then hybridized
to Affymetrix human gene 2.0ST arrays.Microarray datawere an-
alyzed using the oligo package available at the BioconductorWeb
site (http://www.bioconductor.org). The Gene Expression Omni-
bus accession number for the microarray data is GSE126818.

Cell culture methods and lentiviral shRNA knockdown/Foxa2
overexpression

A549, HEK293T, and HBEC-3KT cell lines obtained from Amer-
ican Type Culture Collection (ATCC) were used for all experi-
ments. HEK293T cells were cultured in DMEM (Life
Technologies) plus 10% FBS and 1% penicillin/streptomycin at
37°C and 5% CO2. A549 cells were cultured in Ham’s F12K
(Kaighn’s) medium (Thermo Fisher Scientific) plus 10% FBS
and 1% penicillin/streptomycin at 37°C and 5% CO2. HBEC-
3KT cells were grown in airway epithelial cell basal medium
(ATCC, PCS-300-030) supplemental with the bronchial epithelial
cell growth kit (ATCC, PCS-300-040). Three unique shRNAs tar-
geting either Falcor or Foxa2 were obtained in the SMARTvector
human lentiviral shRNA expression construct (Dharmacon) driv-
en by the mCMV promoter and then screened for the most effi-
cient shRNA, which was used for subsequent experiments (the
FALCOR construct used was catalog no. V3SH11246-
245241381, clone ID no. V3SH11246-245241381). The SMART-
vector nontargeting shRNA was used as a control (catalog no.
VSC11708). The pLV.PGK.mFoxa2 construct (Addgene, plasmid
no. 33014) was used for Foxa2 overexpression. Lentivirus was pro-
duced by transfecting 293T cells with the SMARTvector plasmid
or pLV.PGK.mFoxa2, psPAX2 (Addgene, plasmid no. 12259) and
pMD2.G (Addgene, plasmid no. 12259) constructs. Virus was har-
vested 48–72 hours later, purified with FastTrap lentivirus purifi-
cation kit (Millipore), and applied to target cells with polybrene
(final concentration 8 µg/mL; EMD Millipore). Fresh medium
was added 12 h after application of virus. Puromycin (3 µg/mL fi-
nal concentration; Alfa Aesar) was added 24 h later, and all exper-
iments were performed 3–5 d after lentiviral transduction.

Scratch assay

A549 cells were plated to 70% confluency in 12-well plates and
then transduced with lenviral shRNA constructs as described
above. Over a period of 3 d following transduction, the cells
were grown to confluency, and then a vertical and a horizontal
“scratch” were made in each well with a 20-µL pipette tip. Cells
were photographed at identical points at time 0 and 24 and 48 h
following the scratch. Cell migration was assessed by measuring
changes in the area devoid of cells per high-powered field over
time using ImageJ.

Transwell migration assay

A549 or HBEC-3KT cells were plated to 70% confluency in
12-well plates and then transduced with lentiviral shRNA con-
structs as described above. Three days after viral transduction,
cells were harvested with 0.25% trypsin and reconstituted as a
single-cell suspension in serum-free medium, and 5×104 cells
in 300 µL were applied to the upper well of transwell migration
chambers (8 µm pore size; Costar). Standard medium supple-
mented with 20% FBS was placed into the lower chamber. Six-

teen hours later, cells within the transwell membrane were
fixed, permeabilized, and stained with Giemsa. Migration
was quantified by counting cell number per high-powered field
(10× objective) from at least five randomly selected images for
n=4–6 membranes per shRNA construct.
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