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Long noncoding RNAs are spatially
correlated with transcription factors
and regulate lung development
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Long noncoding RNAs (IncRNAs) are thought to play important roles in regulating gene transcription, but few
have well-defined expression patterns or known biological functions during mammalian development. Using

a conservative pipeline to identify IncRNAs that have important biological functions, we identified 363 IncRNAs
in the lung and foregut endoderm. Importantly, we show that these IncRNAs are spatially correlated with
transcription factors across the genome. In-depth expression analyses of IncRNAs with genomic loci adjacent to
the critical transcription factors Nkx2.1, Gata6, Foxa2 (forkhead box a2), and Foxfl mimic the expression patterns
of their protein-coding neighbor. Loss-of-function analysis demonstrates that two IncRNAs, LL18/NANCI
(Nkx2.1-associated noncoding intergenic RNA) and LL34, play distinct roles in endoderm development by
controlling expression of critical developmental transcription factors and pathways, including retinoic acid
signaling. In particular, we show that LL18/NANCI acts upstream of Nkx2.1 and downstream from Wnt signaling
to regulate lung endoderm gene expression. These studies reveal that IncRNAs play an important role in foregut
and lung endoderm development by regulating multiple aspects of gene transcription, often through regulation of

transcription factor expression.
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The advent of large-scale sequencing efforts has resulted
in the identification of thousands of small (<200 nucleo-
tides [nt]) and large (>200 nt) noncoding RNAs that
potentially play critical roles in regulating gene expression.
Small noncoding RNAs such as microRNAs (miRNAs),
piwi RNAS, and snoRNAs have been shown to be im-
portant players in regulating gene expression in many
contexts, including tissue development (Dieci et al. 2009;
Wapinski and Chang 2011; Luteijn and Ketting 2013;
Yates et al. 2013). In comparison, long noncoding RNAs
(IncRNAs) are less conserved, and their function is less
well understood. IncRNAs can be transcribed from a unique
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transcriptional locus or a locus overlapping a protein-
coding gene (PCG) in either the sense or antisense direc-
tion. Moreover, while many reported IncRNAs are poly-
adenylated similar to mRNAs, other IncRNAs are not,
and, on average, IncRNAs are less stable than mRNA
(Clark et al. 2012). IncRNAs are also spliced less effi-
ciently than mRNAs, further suggesting that mRNAs and
IncRNAs are processed differently (Tilgner et al. 2012).
IncRNAs often act as scaffolds that help localize chro-
matin-modifying complexes important for activating or
repressing gene transcription in cis or in trans (Zhao et al.
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2008; Khalil et al. 2009; Wang et al. 2011; Ulitsky and
Bartel 2013).

The development of the respiratory system is a highly
complex process involving the interaction of foregut-
derived Nkx2.1* endoderm with surrounding cardiopul-
monary mesoderm (Goss et al. 2009; Peng et al. 2013).
Nkx2.1 not only marks the early lung endoderm pro-
genitors within the foregut endoderm, it also plays an
essential role in the morphological development of the
airway structure and differentiation of the various epi-
thelial lineages within the lung (Minoo et al. 1995, 1997).
Other critical transcription factors, such as Gata6 and
Foxal/2 (forkhead box al/2), also play key roles in pro-
moting foregut and respiratory endoderm morphogenesis
and differentiation (Yang et al. 2002; Wan et al. 2004a,b,
2005; Zhang et al. 2008). However, how these factors
themselves are regulated during foregut and lung de-
velopment, at the level of either expression or function,
remains poorly understood. While small RNAs such as
miRNAs have been shown to play an important role in
development of the respiratory system (Lu et al. 2007;
Ventura et al. 2008; Tian et al. 2011), little is known about
the role of IncRNAs in this process. Several IncRNAs are
expressed in the lung, including MALATI1, which has
been shown to play an important role in lung cancer
progression (Schmidt et al. 2011; Xu et al. 2011; Lai et al.
2012). Although loss of MALAT1 does not affect lung
development (Zhang et al. 2012a), chromosomal dele-
tions encompassing other IncRNAs can cause lethal lung
development disorders, suggesting that they may regulate
lung development (Stankiewicz et al. 2009; Barnett et al.
2012; Parris et al. 2013; Szafranski et al. 2013). Loss of the
IncRNA Fendrr has also been shown to result in re-
spiratory defects and perinatal lethality (Sauvageau
et al. 2013). However, there is little data on the specific
expression patterns or function of IncRNAs in most
tissues, including the foregut endoderm and the lung.

In this study, we used RNA sequencing (RNA-seq)
combined with other methods to identify IncRNAs in
the developing and adult lung. Our conservative pipeline
provides a systematic and comprehensive bridge from
transcriptome-wide analysis of lung IncRNAs to the
interrogation of individual IncRNA biological function.
We show that a subset of IncRNAs in the lung are located
near transcription factors, including Nkx2.1, Gataé,
Foxa2, and Foxfl, that play important roles in foregut
and lung development. In addition to this subset, we
identified several known and novel intergenic IncRNAs
that are not associated with PCGs, and many of these
have unique expression patterns, suggesting an important
functional role in lung development and homeostasis. We
assessed biological function for two lung IncRNAs and
show that they exhibit distinct and important roles in
regulating endoderm gene expression, including develop-
mental and signaling pathways. Importantly, we show
that one of these IncRNAs, LL18, plays an important role
in lung development by acting upstream of the critical
transcription factor Nkx2.1 and downstream from Wnt/
B-catenin signaling to regulate lung endoderm gene
expression and morphogenesis.
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Results

Identification of IncRNAs in the developing
and postnatal lung

To identify and begin to characterize the IncRNA tran-
scriptome in the lung, we performed RNA-seq on embry-
onic day 12.5 (E12.5) and adult mouse lung polyadenyl-
ated RNA. Paired-end reads were aligned to the mouse
reference NCBI 37 release using GSNAP (Wu and Nacu
2010). Cufflinks was used to assemble 141,614 unique
transcripts from E12.5 and adult lung RNA-seq. The
assembled transcripts were compared and annotated
using Cuffmerge against the Ensembl (version 67) gene
annotations. Transcripts that mapped to known IncRNAs
were retained, and transcripts mapping to all other known
genes were removed. Transcripts defined by Cuffmerge
as unknown that were also multiexonic and >200 nt were
considered putative IncRNAs. These putative IncRNAs
were then filtered for potential coding ability using phylo-
genetic codon substitution frequency (PhyloCSF) and by
scanning all potential ORFs per transcript against the
protein domains in Pfam. Moreover, we only included
IncRNAs that did not overlap extensively with exons of
coding genes and were not located entirely within the
intron of a coding gene. These analyses resulted in the
identification of 363 IncRNAs, 200 of which were pre-
viously annotated, and 163 of which are novel (Fig. 1A;
Supplemental Table 1). Using DNase hypersensitivity sites
5" of each IncRNA locus as a guide (Rosenbloom et al.
2013), we found that DNA-binding motifs for Fox, SP1/
Krox, and serum response factor (SRF) factors were en-
riched in lung IncRNA regulatory regions (Fig. 1B). The
high enrichment of Fox-binding motifs upstream of lung
IncRNA loci suggests regulation by forkhead transcription
factors, which are known to regulate foregut development
as well as lung endoderm and mesoderm development
(Wan et al. 2004b; Shu et al. 2007; Zhou et al. 2008; Chokas
et al. 2010; Yu et al. 2010; Li et al. 2012; Parris et al. 2013).

While nucleotide conservation of lung IncRNAs across
placental mammals was low (29%), as has been reported
previously for IncRNAs in general (Supplemental Fig. 1;
Derrien et al. 2012), many of these IncRNAs have syn-
tenic transcripts in the human genome, indicating that
they are conserved based on genomic location rather than
nucleotide sequence (Fig. 1C). Our data also show that
previously annotated IncRNAs that we uncovered in our
analysis are more likely to have syntenic human tran-
scripts than our novel subset of IncRNAs (Fig. 1C). Lung
IncRNAs located near PCGs are more syntenic than
IncRNAs located in gene deserts (Fig. 1D). Furthermore,
lung IncRNAs located near transcription factor loci more
often have syntenic human transcripts than IncRNAs
found near nontranscription factor PCGs (Fig. 1E). This
syntenic conservation of IncRNAs near transcription
factor loci suggests a potential spatial relationship be-
tween these two gene subsets.

To further assess the potential spatial correlation be-
tween IncRNAs and transcription factor loci, we measured
the genomic distance between IncRNAs and transcription
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Figure 1. Identification of the mammalian lung IncRNA transcriptome. RNA-seq was performed on E12.5 and adult lungs to identify
141,614 transcripts generated from 41,554 loci. (A) These were filtered for size, coding potential, and expression to generate a catalog of
363 IncRNAs expressed in the mouse lung. (B) Motif enrichment analysis highlights the three most enriched transcription factor DNA-
binding sites in the 5’ regulatory regions of lung IncRNAs. (C) The majority of IncRNAs in this study have a human syntenic transcript,
with previously annotated IncRNAs being more likely than novel IncRNAs to have a human syntenic transcript. (D) IncRNAs found
within 20 kb of PCGs are more likely to have a human syntenic transcript than IncRNAs with no PCG gene nearby. (E) IncRNAs with PCG
genes that were transcription factors are more likely to have syntenic human transcripts that those with nontranscription factor PCGs.

factor loci. Using our mouse lung IncRNA data set, we
found that the lung IncRNAs in our database were more
likely to be genomically located near transcription factors
than other nontranscription factor PCGs (Fig. 2A). This
enrichment was observed with all IncRNAs annotated in
both the mouse and human genomes and increases as the
distance from IncRNA loci decreases (Fig. 2A). Together,
these observations support a conserved spatial correla-
tion between IncRNA loci and transcription factor loci.

To validate this spatial correlation between IncRNAs
and transcription factors, we used a recently published
methodology that allows a direct comparison between
different classes of PCGs and their spatial relationship
with genomic loci (Fig. 2B; Favorov et al. 2012). This
method also indicates a statistically positive spatial corre-
lation between lung IncRNAs and transcription factors as
well as those annotated in the mouse Ensembl database
(Fig. 2C-E). Importantly, IncRNAs were spatially correlated
with transcription factors more than other classes of PCGs,
such as signaling proteins and structural proteins (Fig. 2C—
E). While other classes of PCGs may also be positionally
correlated with IncRNAs, our data suggest that IncRNAs
are particularly enriched near transcription factors.

Characterization of the genomic organization
of a subset of lung IncRNAs

From the initial RNA-seq-based screen of the lung tran-
scriptome, we chose seven lung IncRNAs for in-depth

characterization. Due to the ability of some IncRNAs to
regulate the expression of neighboring PCGs (Orom et al.
2010b; Wang et al. 2011; Berghoff et al. 2013}, four lung
IncRNAs (LL18, LL33, LL35, and LL66) were selected
based on the close genomic proximity to transcription
factors known to play a critical role in lung development.
LL18, which we named NANCI (for Nkx2.1-associated
noncoding intergenic RNA), is 2.5 kb downstream from
Nkx2.1, a transcription factor that is a global regulator of
anterior foregut and lung development and the earliest
known marker of lung endoderm progenitor fate (Fig. 3A;
Kimura et al. 1996). LL35 is 2.5 kb downstream from
Foxa2, a forkhead transcription factor that is essential
for endoderm and lung development (Fig. 3B; Wan et al.
2004a, 2005). Both NANCI and LL35 are transcribed in
the sense orientation relative to their protein-coding
neighbors. PCR using multiple primers pairs, 5 RACE,
and the presence of unique RNA polymerase II (Pol I) and
H3K4me3 marks indicates that NANCI and LL35 tran-
scripts are driven from unique loci that are not linked to
their PCGs (Fig. 3A,B; data not shown). In contrast, LL33
and LL66 are transcribed in an antisense orientation to
their protein-coding neighbors. LL33 has multiple start
sites that are upstream of or overlapping with the first
exon of Gata6, an important endoderm transcription fac-
tor that is essential for lung epithelial differentiation and
regeneration (Supplemental Fig. 3; Yang et al. 2002; Zhang
et al. 2008). LL66 is located 1.4 kb upstream of Foxfl,

GENES & DEVELOPMENT 1365



Herriges et al.

A 3 Figure 2. IncRNAs are spatially correlated with
-_E transcription factors. (A) The odds of a IncRNA
E ° being close to a transcription factor locus are
e "é 2 EMouse lung IncRNAs statistically greater in lung IncRNAs identified
B B Mouse IncRNAs in this study and from the Ensembl. mouse ar.ld
M- human annotated databases than in PCGs in
3 DHuman IncRNAs general. (B) Spatial relationships were deter-
© =PCGs mined using the GenomtriCorr program, which
0 computes relative distances between genomic
5 10 20 25 50 features, which were then plotted and compared
Distance (kb) with a uniform random distribution (dashed
B Cc D line). The distributions above the line show
Lung IncRNAs Mouse IncRNAs a positive spatial correlation, while those below
. Legend g 1.00 1.00 the line show an anti-correlation in spatial posi-
2 comelated™\_~" E .75 0.75 tion. The distance betw.een lung 4H3K4m63
2 E marks and lung PCGs provides a positive control
2 \ e 050 0.50 for spatial correlation between two genomic re-
Lé \ correg:et; § gions. (C) Lung IncRNAs identified in this study
S Z 025 0.25 show a greater spatial correlation to transcrip-
Fractional Distance 3 tion factors than other functional classes of
0.00,” 0.00 ,~ PCGs, such as signaling or structural proteins.
0.0 0.1 02 03 04 05 0.0 0.1 02 03 04 05 (D) This spatial correlation is also true for all
Relative Distance Relative Distance IncRNAs annotated in the mouse Ensembl data-
. . base. (E) Table of correlation coefficients and
Genomic Features (Mouse) Genomic Features (Mouse) . . .
P-values from comparisons of the distance distri-
* Lung IncRNA vs. Transcription Factors IncRNA vs. Transcription Factors butions for gene groups versus a uniform distri-
=== |ung IncRNA vs. Signaling Proteins === IncRNA vs. Signaling Proteins bution.
Lung IncRNA vs. Structural Proteins IncRNA vs. Structural Proteins
=== | ung H3K4me3 vs. Lung Proteins === | ung H3K4me3 vs. Lung Proteins
TFs vs Non-TFs
E Lung IncRNAs (C) Mouse IncRNAs (D)
Genomic Features Correlation| pValue |Correlation| pValue
IncRNA vs. Transcription Factors 0.16 2.5E-06 0.10 2.0E-15
IncRNA vs. Signaling Proteins 0.06 1.0E-02 0.05 1.3E-04
IncRNA vs. Structural Proteins 0.01 1.6E-01 0.03 1.1E-02
Lung H3K4me3 vs. Lung Proteins 0.48| <1.00E-16 0.48| < 1.00E-16
TFs vs. Non-TFs XXXX XXXX -0.05 1.3E-03

a forkhead transcription factor that plays an important role
in the development of the pulmonary mesenchyme and
vasculature and has been implicated in the pathogenesis of
the lethal disorder alveolar capillary dysplasia (Fig. 3C;
Stankiewicz et al. 2009). LL66, also known as Fendrr, was
recently shown to be important in lateral plate mesoderm
development, similar to its neighboring PCG, Foxfl (Grote
et al. 2013; Sauvageau et al. 2013). Quantitative PCR (qPCR)
analysis confirmed the differences in E12.5 and adult
mouse lung expression observed in the RNA-seq analysis
for NANCI and LL35 (Supplemental Fig. 2A-D). How-
ever, RNA-seq revealed increased expression of LL66 in
the adult lung relative to the E12.5 lung, whereas qPCR
showed little change (Supplemental Fig. 2E,F).

Three other IncRNAs (LL1, LL12, and LL34), all of
which are located in relative gene deserts, were selected
due to their high level of expression in the E12.5 lung
relative to the adult lung. LL1 and LL12 are previously
identified IncRNAs and are known snoRNA host genes
(Fig. 3D,E; Tanaka et al. 2000; Nakamura et al. 2008;
Kretz et al. 2012). LL1 is the mouse ortholog of the human
IncRNA anti-differentiation noncoding RNA (ANCR),
which is up-regulated in multiple types of cancer and
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inhibits osteoblast and keratinocyte differentiation (Kretz
et al. 2012; Du et al. 2013; Zhu and Xu 2013). LL12 is
annotated as snoRNA host gene 5 (Snhg5) in both the
mouse and human genome and has been implicated in
translocation induced B-cell lymphoma and recurrent
prostate cancer (Du et al. 2013; Tanaka et al. 2000). In
contrast, LL34 is a novel IncRNA that is expressed in the
E12.5 lung but is nearly undetectable in the adult lung
(Fig. 3F). qPCR analysis confirms that expression of all
three of these IncRNAs is dramatically down-regulated in
the adult lung compared with the E12.5 lung (Supple-
mental Fig. 2G,H). We also confirmed that these IncRNAs
do not encode for a detectable protein using in vitro
transcription/translation assays (Supplemental Fig. 4).

IncRNAs associated with transcription factors exhibit
spatial and temporal patterns of expression highly
similar to their protein-coding neighbors

While the genome-wide expression of some IncRNAs has
been reported, little data are available on the spatial and
temporal pattern of IncRNA expression during tissue
development. Therefore, we performed extensive in situ
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Figure 3. Genomic structure of IncRNAs expressed during lung development and homeostasis. Gene plots for LL18/NANCI (A), LL35
(B), LL66/Fendrr (C), LL1/Ancr (D), LL12 (E), and LL34 (F). The gene plots contain RNA-seq data from both E12.5 and adult lungs
combined with Pol IT and H3K4me3 ChIP-seq (chromatin immunoprecipitation [ChIP] combined with deep sequencing) data are from
ENCODE (Rosenbloom et al. 2013). Transcripts were assembled from RNA-seq data using Cufflinks (purple) and compared with gene

annotations in Ensembl (yellow).

hybridization (ISH) and qPCR analysis at different times
of lung development and in different tissues to charac-
terize our subset of lung IncRNAs. NANCI expression is
observed in the developing lung, thyroid, and ventral
forebrain in a pattern nearly identical to Nkx2.1 (Fig. 4A;
Supplemental Fig. 5A-D). Within the developing lung,
both genes are expressed throughout the developing
epithelium, with lower levels found in the large airway
epithelium (Fig. 4A). Expression of NANCI persists in the
adult, with notable expression observed in large airway
epithelium (Fig. 4A). The human ortholog of NANCI,
which is annotated as surfactant-associated transcript A3
(SFTA3), is also a IncRNA and is expressed in a pattern
similar to that of human NKX2.1 in both the airway and
alveolar epithelium (Supplemental Fig. 6). This conserved
expression pattern may be explained by conserved bind-
ing motifs for known regulators of foregut and lung
development found in the NANCI promoter locus, in-
cluding Smad, Forkhead, and Gata (Supplemental Fig. 7).
Despite low sequence conservation between mouse and
human NANCI (26%), their identical expression patterns
suggest that there may be an evolutionarily conserved
function. LL35 exhibits strong expression in the lung

epithelium, floor plate, gut endoderm, and liver in
a pattern similar to that of Foxa2 (Fig. 4B; Supplemental
Fig. 5E-H). LL66 is expressed primarily the mesenchyme
of the developing lung and posterior gut, similar to Foxfl
(Fig. 4C; Supplemental Fig. 5I-L). The expression of
these IncRNAs was confirmed using qPCR and cDNA
from E12.5 and adult lungs (Supplemental Fig. 5M,N).

The expression of LL33 is more restricted than Gata6
itself. Within the developing lung, Gata6 is robustly
expressed in the developing epithelium and vascular
smooth muscle (VSM), while LL33 expression can be
detected in the VSM but is expressed at low levels in the
developing epithelium (Supplemental Fig. 3). Outside of
the lung, LL33 expression is observed primarily in the
heart (Supplemental Fig. 3). During early heart develop-
ment, LL33 was detectable in the atrio—ventricular canal
region and the developing heart valves (Supplemental
Fig. 3). In contrast, Gataé is expressed throughout most
of the heart, including the myocardium (Supplemental
Fig. 3; Morrisey et al. 1996). By E16.5, LL33 expression
expands into the myocardium such that, by E18.5, its
expression is similar to that of Gata6 in the heart (Supple-
mental Fig. 3).

GENES & DEVELOPMENT 1367



Herriges et al.

Expression patterns of lung IncRNAs located in gene
deserts

We next looked at expression patterns of those lung
IncRNAs not associated with a transcription factor or
PCG. At E12.5 and E14.5, LL1/ANCR is expressed in the
distal airway epithelium and at lower levels in the lung
mesenchyme (Fig. 5A, arrows; Supplemental Fig. 50).
Expression in the proximal airway epithelium is not
observed (Fig. 5A, arrowheads). During development,
LL1 expression diminishes until it is no longer detectable
in the adult lung by ISH. Of note, the developing epider-
mis expresses high levels of LL1, as has been reported for
human ANCR (Supplemental Fig. 5P; Kretz et al. 2012).
LL12 expression is observed in the embryonic lung epi-
thelium and persists at low levels in the adult lung (Fig. 5B;
Supplemental Fig. 5Q). LL12 is also expressed robustly in
the embryonic liver, where expression remains high in the
adult (Supplemental Fig. 5Q,R). LL34 is expressed in the
developing lung endoderm at E12.5 and E14.5, after which
it is rapidly down-regulated such that its expression is not
observed in the adult lung (Fig. 5C). Expression of LL34 is
absent in tissues other than the lung at E12.5 by qPCR
(Supplemental Fig. 5S). At E10.5, LL34 expression is
observed throughout the anterior-to-posterior axis of the
gut endoderm (Supplemental Fig. 5T-W). In the adult,
LL34 expression is only detectable at low levels in the
intestine by qPCR (Supplemental Fig. 5S).

Loss of function for select lung IncRNAs reveals
important roles in endoderm development

To define the function of a select subset of IncRNAs
in lung epithelial cells, we performed shRNA-mediated
knockdown of NANCI and LL34 in the mouse lung
epithelial cell line MLE12. These IncRNAs represent
two major categories of transcripts identified by our
analysis, including those located near transcription factor
loci (NANCI) and novel IncRNAs expressed in the devel-
oping but not the adult lung (LL34). Of note, both IncRNAs
are expressed in MLE12 cells, and the selected shRNAs
exhibited between 80%-95% knockdown efficiency upon
optimization of viral transduction (Supplemental Fig. §;
data not shown). Changes in the transcriptome of MLE12
cells upon loss of IncRNA expression were assessed using
microarray assays, which demonstrated that each IncRNA
regulated unique cellular pathways in lung epithelial cells.
Loss of NANCI expression resulted in a significant change
in lung epithelial gene expression, with >1000 genes up-
regulated or down-regulated compared with scrambled
shRNA expression (Fig. 6A,B; Supplemental Table 2). Less
dramatic effects were observed with knockdown of LL34,
although loss of this IncRNA resulted in the altered
expression of several hundred genes (Fig. 6A,B). Interest-
ingly, there was little overlap between the genes altered by
NANCI knockdown in comparison with LL34 (Fig. 6A,B).

A large number of lung epithelial development genes
were down-regulated by loss of NANCI expression such
that respiratory and lung development were top cate-
gories of gene expression changes upon NANCI knock-
down (Fig. 6C,D; Supplemental Tables 4, 5). Importantly,
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Figure 4. Temporal and spatial expression of IncRNAs located
near transcription factor loci during lung development. ISH was
used to determine the expression patterns of NANCI and
Nkx2.1 (A), LL35 and Foxa2 (B), and LL66 and Foxfl (C), during
lung development. Note the expression of Nkx2.1 and NANCI in
the distal lung epithelium (A, arrows) and at lower levels in the
developing proximal airways (A, arrowheads). Note the expression
of Foxa2 and LL35 in the distal lung epithelium (B, arrows) and at
higher levels in the developing proximal airways (B, arrowheads).
Expression of Foxfl and LL66 is observed in the mesenchyme
surrounding both the distal lung epithelium (C, arrows) and
proximal airways (C, arrowheads). (Ai) Airways. Bars, 100 pm.
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Nkx2.1 was down-regulated along with many targets of
Nkx2.1, such as Sftpc, Abca3, and Aqp5 (Fig. 6E). Foxpl,
Foxp2, Sox9, and other genes not known to be directly
regulated by Nkx2.1 were also down-regulated after loss
of NANCI expression by both microarray and qPCR
analysis (Fig. 6F; Supplemental Table 2). Knockdown of
NANCI in the human lung adenocarcinoma cell line H441
likewise resulted in decreased expression of NKX2.1 and
AQP5 (Supplemental Fig. 9). These data suggest that in
both mice and humans, NANCI regulates expression of
the essential lung transcription factor Nkx2.1 and, in turn,
Nkx2.1 target genes.

LL34 was found to be essential for the expression of
several critical lung developmental genes, including Bmp2,
Foxal, Gata6, Fgfr2, Fgfr3, Fgf18, Jagl, and Tgfb3, as noted
by microarray and qPCR analysis (Fig. 6G,J; Supplemental
Table 3). Tube development was one of the top categories
of genes altered by knockdown of LL34 (Fig. 6H; Supple-
mental Tables 6, 7). Interestingly, loss of LL34 resulted in
decreased expression of several important components of
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Figure 5. Temporal and spatial expression of lung IncRNAs located in relative gene deserts. ISH was used to determine the expression
of LL1/ANCR (A), LL12 (B), and LL34 (C) during lung development. (A-C) Expression of all three IncRNAs is noted in the distal lung
epithelium at E12.5 and E14.5 (arrows). At E14.5, expression of LL1/ANCR and LL12 is low in proximal airway epithelium of the lung,
while LL34 expression is observed in this region (arrowheads). (A,C) By E16.5, expression of LL1 and LL34 is significantly decreased in
the lung. (B) Only LL12 exhibits notable expression at E16.5 and in the adult. (Ai) Airways. Bars, 100pum.

the retinoic acid (RA) pathway, including Aldhlal and
Rarg (Fig. 6I-K; Supplemental Table 3). Decreased expres-
sion of these genes as well as other components of the RA
pathway, including Aldhla2, Aldhla3, and Cyp2bl, was
confirmed by qPCR (Fig. 6I). Many of the developmental
regulators whose expression was decreased upon loss of
LL34 are known targets of RA signaling (Fig. 6]). Of the
403 known RA targets expressed in MLE12 cells, 58
demonstrated altered levels of expression following
knockdown of LL34 (Supplemental Table 3; Balmer and
Blomhoff 2002). These data, along with the restricted
expression of LL34 in early foregut endoderm, suggest
that LL34 may modulate RA signaling in the early foregut
and lung endoderm.

NANCI acts upstream of Nkx2.1 and downstream
from Wnt signaling to regulate lung epithelial
gene expression

The loss-of-function data for NANCI indicate its impor-
tance for Nkx2.1 expression and function during lung
endoderm development. Given the central role that
Nkx2.1 plays in anterior foregut and lung endoderm
development, we chose to further explore the role of
NANCI and determine how its regulation of Nkx2.1
affects lung epithelial differentiation. To determine how
much of NANCI’s effects on gene expression are medi-
ated in part or in full by Nkx2.1, we attempted to rescue

the knockdown of NANCI and, in turn, loss of Nkx2.1
expression with ectopic overexpression of Nkx2.1. These
experiments showed that increased Nkx2.1 expression
rescued the expression of its target genes, Abca3, Sftpc,
and Aqp5, and partially rescued Aqpl expression (Fig. 7A-
C). Moreover, ectopic expression of Nkx2.1 led to in-
creased endogenous Nkx2.1 expression (Fig. 7A). Such
autoregulation of Nkx2.1 has been previously suggested
by the finding of conserved Nkx2.1-binding sites in its
promoter (Shaw-White et al. 1999; Das et al. 2011).
Interestingly, expression of NANCI itself was unaffected
by overexpression of Nkx2.1, indicating that Nkx2.1 does
not regulate NANCI expression (Fig. 7A), further demon-
strating distinct differences in regulation of these two
loci. Overexpression of Nkx2.1 did not rescue expression
of Nrpl, Nrp2, Cdhl, Foxpl, and Foxp2, suggesting that
NANCI acts independently of Nkx2.1 to regulate the
expression of these important developmental regulators
(Supplemental Fig. 10). We next assessed whether
NANCI could promote Nkx2.1 expression using over-
expression of the full-length NANCI transcript in MLE12
cells. Overexpression of NANCI led to increased Nkx2.1
expression, suggesting that NANCI is capable of pro-
moting Nkx2.1 expression in lung epithelium (Fig. 7D).
Previous data have demonstrated that Wnt signaling
is an essential inducer of Nkx2.1* lung endoderm pro-
genitors during anterior foregut development and in in
vitro differentiation of pluripotent stem cells into lung
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Figure 6. shRNA-mediated loss-of-function experiments reveal distinct roles for NANCI and LL34 in lung epithelial gene
transcription. (A,B) Venn diagram of microarray analysis of NANCI and LL34 shRNA knockdowns showing the number of both
down-regulated and up-regulated genes. (C) Heat map of lung epithelial genes altered by knockdown of NANCI. (D) DAVID/GO (gene
ontology) analysis shows that genes related to tube, respiratory, and lung development (green bars) are top categories altered by NANCI
knockdown. (E) qPCR shows that Nkx2.1 and several of its targets are decreased by knockdown of NANCI expression. (F) qPCR also
shows that expression of additional genes important for lung development were also down-regulated by knockdown of NANCIL. (G)
Heat map for lung developmental and RA pathway genes altered by knockdown of LL34. (H) DAVID/GO analysis shows that genes
related to tube development (green bar) are a top category altered by LL34 knockdown. Expression of RA pathway components (I) and
lung developmental genes known as RA targets (]) was verified by qPCR. (]) Note that Fgf18 and Jagl are not RA targets (blue bars). (K)
RA pathway diagram showing genes affected by decreased LL34 expression in red. All heat maps represent genes in the indicated
category selected by GO analysis. All changes in gene expression shown by qPCR are statistically significant (P < 0.05).
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epithelium (Goss et al. 2009; Harris-Johnson et al. 2009;
Longmire et al. 2012; Mou et al. 2012). Our data showing
that ectopic Nkx2.1 expression in the context of loss of
NANCI expression results in restoration of the expres-
sion of several Nkx2.1 target genes as well as the ability of
ectopic NANCI to increase Nkx2.1 expression suggest
that NANCI acts upstream of Nkx2.1 to regulate lung
epithelial gene expression. To further explore how NANCI
acts in the hierarchy of lung epithelial gene transcription,
we assessed NANCI expression in in vivo models of loss of
Nkx2.1 and Wnt signaling in the early lung endoderm.
Nkx2.17/~ lungs are dysplastic and exhibit decreased
expression of several known target genes, including Sftpc,
Scgblal, and Aqp5 (Minoo et al. 1999). While the Nkx2.1
transcript was absent in Nkx2.17/~ lung epithelium as
expected, NANCI expression was readily observed and
maintained in a proximal-to-distal expression gradient
as in normal embryonic lungs (Fig. 7E-H). In contrast, loss
of Wnt/B-catenin in the anterior foregut endoderm
of Shh®™:Ctnnb11°¥/1°% mutants results in a loss of both
Nkx2.1 and NANCI expression (Fig. 7I-L). Together, these
data imply a model in which NANCI acts upstream of
Nkx2.1 and downstream from Wnt/B-catenin signaling to
regulate a suite of critical lung developmental genes (Fig.
™).

Consistent with the observation that NANCI promotes
Nkx2.1 expression, NANCI interacts strongly with
Wdr5/trithorax transcriptional activating complex but
not Ezh2/polycomb-repressive complex, similar to other
activating IncRNAs (Supplemental Fig. 11; Zhao et al.
2008; Khalil et al. 2009; Wang et al. 2011; Ulitsky and
Bartel 2013). In contrast, LL12 interacts strongly with
Ezh2/polycomb, as has been previously shown (Zhao et al.
2010). Moreover, loss of NANCI reduces H3K4me3 marks
imposed by the trithorax complex at the Nkx2.1 locus (Fig.
7N,O). Moreover, these data suggest that NANCI recruits
the trithorax complex to activate Nkx2.1 expression, mak-
ing it one of the earliest markers for lung endoderm spec-
ification (Fig. 7P).

Knockdown of NANCI in the developing mouse lung
results in disruption of epithelial differentiation
and loss of Nkx2.1 target gene expression

Many IncRNAs, especially ones located close to PCGs,
are transcribed from genomic regions that overlap poten-
tial enhancer elements (Orom et al. 2010a). Therefore, to
further characterize the role of the NANCI noncoding
transcript in lung epithelial development without affect-
ing the NANCI genomic locus, we performed in vivo
knockdown of NANCI using the human SFTPC pro-
moter, which is active throughout the developing lung
epithelium. We used the previously demonstrated ability
of shRNAs to be processed from miRNA precursor
transcripts to generate a SFTPC-driven knockdown con-
struct (Fig. 8A; Wang et al. 2007). Five FO SFTPC-
NANCIFPRNA transgenic mice were generated, with an
average NANCI knockdown of 43% at E17.5 (Fig. 8F;
Supplemental Fig. 12A). SFTPC-NANCI®'®NA transgenic
lungs had reduced saccule formation, as noted by H&E

IncRNAs in lung development

staining and increased mesenchymal thickness between
airways (Fig. 8B,D). Many of the genes down-regulated
after NANCI knockdown in MLE12 cells were similarly
affected in SFTPC-NANCI"™™A transgenic lungs, includ-
ing Nkx2.1 and its targets, such as Sftpc, Abca3, and Aqp5
(Supplemental Fig. 12A). Likewise, Scgblal, an Nkx2.1
target gene not expressed in MLE12 cells, was down-
regulated in SFTPC-NANCI*MNA transgenic lungs (Sup-
plemental Fig. 12A). Decreased expression of both Agpl
and Cdhl was also observed, similar to the NANCI
knockdown in MLE12 cells (Supplemental Fig. 12B).
However, levels for Sox2, Sox9, and Id2 were unchanged,
suggesting that lung endoderm progenitors were not
drastically perturbed (Supplemental Fig. 12B). Immuno-
staining for Cdh1 shows that the distal airway epithelium
of SFETPC-NANCI*PRNA transgenic lungs retained a co-
lumnar morphology as compared with control littermates,
indicating defects in distal sacculation/alveolarization
(Supplemental Fig. 12E). Sftpc* alveolar epithelial type 2
cells were more focally located in SFTPC-NANC[MRNA
transgenic lungs rather than dispersed as observed in
transgene-negative littermates (Fig. 8G).

To determine whether the in vivo knockdown of NANCI
mimicked decreased Nkx2.1 expression, Nkx2.1*/~ lungs
were examined at E17.5. Nkx2.1*/~ lungs had an ~40%
decrease in Nkx2.1 expression (Supplemental Fig. 12C). As
in SFTPC-NANCIM™ ™A transgenic lungs, the Nkx2.1*/~
mutant lungs had reduced saccule formation and in-
creased mesenchymal thickness, as noted by H&E stain-
ing (Fig. 8C,D). These mutants also had similar reduc-
tions in Sftpc, Abca3, Aqp5, Scgblal, and Aqpl, as noted
in SFTPC-NANCI*"™A transgenic lungs (Supplemental
Fig. 12C,D). The number of Sftpc* distal saccules was
also decreased in a manner similar to the SFTPC-
NANCEPRNA transgenic lungs (Fig. 8H). However, the
level of Cdhl expression was not affected in Nkx2.1*/~
lungs (Supplemental Fig. 12D). In contrast, while there
were changes in the morphology of the distal airway
epithelium of Nkx2.1*/~ lungs as noted by Cdhl immu-
nohistochemistry, these changes were not as dramatic as
noted in SFTPC-NANCI'™NA transgenic lungs (Supple-
mental Fig. 12F). Together, these data suggest that
NANCI regulates lung epithelial development in vivo
in large part through its regulation of the critical tran-
scription factor Nkx2.1.

Discussion

While different methodologies have resulted in the cata-
loging of thousands of IncRNAs, it has remained difficult
to assess which portion of these transcripts plays a func-
tional role in the cells and tissues where they are ex-
pressed. Using conservative criteria to focus on IncRNAs
that may play a functional role in lung development,
we identified 363 IncRNAs and show that they are spa-
tially correlated with transcription factors important for
development of the anterior foregut and lung. Impor-
tantly, we identified and characterized NANCI, a IncRNA
located near the important lung endoderm regulator
Nkx2.1, and show that NANCI acts upstream of Nkx2.1
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Figure 7. NANCI acts upstream of Nkx2.1 and downstream from Wnt/B-catenin to regulate lung gene expression. (A) Ectopic Nkx2.1
expression rescues endogenous Nkx2.1 expression but not NANCI expression in the presence of NANCI shRNA knockdown. (B)
Ectopic Nkx2.1 expression rescues endogenous Sftpc, Abca3, and Aqp5 expression in the presence of NANCI shRNA knockdown. (C)
Expression of Agpl is partially rescued by exogenous Nkx2.1 expression in the presence of NANCI knockdown. (D) Overexpression of
NANCI in MLE12 increases Nkx2.1 expression. Nkx2.1 (E,F) and NANCI (G,H) expression in control lungs (E,G) or Nkx2.1~/~ lungs
(FH) at E14.5. Note the loss of Nkx2.1 expression but persistent NANCI expression in Nkx2.1~/~ lungs. Nkx2.1 (I,]) and NANCI (K,L)
expression in the control (I,K] or Shh®*:Ctnnb11°1°% mutant (J,L) anterior foregut at E9.5. (M) Together, these data indicate that
NANCI acts downstream from Wnt/B-catenin but upstream of Nkx2.1 to regulate lung gene expression. (N) ChIP assay for H3K4me3
marks at the Nkx2.1 promoter, the GAPDH promoter, and an unrelated intergenic region. (O) The level of knockdown achieved for
NANCI and the level of decreased Nkx2.1 expression using scrambled and NANCI-specific ShRNAs used in the H3K4me3 ChIP assays.
(P) Model of how NANCI potentially recruits trithorax/Wdr5 complexes to the Nkx2.1 locus to promote Nkx2.1 gene expression. Bars,
100 pm. (*) P < 0.01; (**) P < 0.05.

and downstream from Wnt/B-catenin to regulate lung their neighboring transcription factors. We identified
epithelial gene expression. In contrast, LL34 regulates NANCI as a critically important IncRNA located near
RA signaling, which is critical for foregut endoderm de- the lineage regulator Nkx2.1. NANCI's expression is
velopment. Taken together, our data provide a novel identical to Nkx2.1, which correlates with its functional
catalog of IncRNAs in the foregut and lung and show that importance for regulating Nkx2.1 expression. The corre-
several of these play unique and essential roles in foregut lation between NKX2.1 and NANCI is also found in the
and lung epithelial gene expression and development. human lung even though NANCI is poorly conserved at

Our data show that IncRNA loci are spatially corre- the nucleotide level. Surprisingly, NANCI expression
lated with transcription factor loci. These transcription persists in the absence of Nkx2.1 expression, indicating
factor-associated IncRNAs are more conserved at the that Nkx2.1 is not required for NANCI expression. This
syntenic level with the human genome than other is supported by the lack of conserved Nkx2.1 DNA-
IncRNAs. Moreover, in several cases, they have expres- binding motifs within the NANCI promoter. This finding
sion patterns remarkably similar to their neighboring was unexpected, as the Nkx2.1 expression pattern is
transcription factors, suggesting that these IncRNAs are unique and has been previously recognized as the earliest
closely associated with the expression and function of marker of anterior foregut endoderm committed to the
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defective lung epithelial morphogenesis similar to
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lung and thyroid fate (Longmire et al. 2012; Mou et al.
2012). Our data showing that NANCI acts upstream of
Nkx2.1 indicate that NANCI is an earlier marker than
Nkx2.1 of anterior foregut lung fate. Our data show that
both NANCI and Nkx2.1 expression is lost upon in-
activation of Wnt/B-catenin signaling in the anterior
foregut endoderm, placing NANCI downstream from this
pathway in lung endoderm development. Interestingly,
a patient was recently identified with a chromosomal
deletion that encompassed most of NANCI but left the
NKX2.1 locus intact (Barnett et al. 2012). This patient had
symptoms characteristic of NKX2.1 haploinsufficiency,
including respiratory distress, suggesting that NANCI
has a similar role of regulating NKX2.1 in the human
lung. Our data show that knockdown of NANCI in
human cells results in decreased NKX2.1 expression,
further supporting a conserved role for NANCI in human
development. Together, these findings indicate that
NANCI acts between Wnt/B-catenin signaling and
Nkx2.1 to regulate a broad array of lung endoderm-
specific genes in part through regulation of Nkx2.1 itself.

Not all IncRNAs located near transcription factors that
we identified were expressed in a pattern identical to
their neighboring PCG. LL33, which is located next to the
Gata6 locus, exhibited a divergent expression pattern in

lungs. (n.s.) Nonsignificant.

both the developing lung and heart. Where Gata6 is
expressed at high levels in the developing lung epithe-
lium, LL33 is expressed at low levels in this tissue.
Moreover, LL33 expression is not observed at significant
levels in the developing myocardium of the heart until
E18.5, whereas Gata6 is expressed in this tissue from the
earliest stages of cardiac development. Such distinct
differences may indicate tissue-specific regulatory roles
for these IncRNAs during development.

The IncRNA LL34 is specifically expressed throughout
the anterior-to-posterior axis of the early gut endoderm,
and its expression continues in the early lung endoderm.
However, its expression is extinguished by late gestation,
making it the one of the most embryonic-specific lung
IncRNAs identified in our study. This expression pattern
correlates with data showing that loss of LL34 leads to
decreased expression of several essential components of
the RA signaling pathway as well as RA target genes. RA
signaling plays a critical role in both early foregut pattern-
ing and lung development. Loss of RA signaling leads to
lung agenesis, while additional studies suggest a role for
RA signaling in other regions of gut endoderm, including
in the pancreas (Martin et al. 2005; Wang et al. 2006; Chen
etal. 2007, 2010; Bayha et al. 2009). Given LL34's restricted
expression in the gut endoderm in early development and
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the important role for RA signaling in endoderm develop-
ment, this IncRNA is likely a key regulator of foregut
development through modulation of RA signaling.

The IncRNAs in our data set that are in close proximity
with important transcription factors could be considered
enhancer RNAs (eRNAs), which are thought to regulate
their neighboring PCGs through various mechanisms,
including recruiting chromatin remodeling complexes or
acting as genomic enhancers of the neighboring PCGs
(Orom et al. 2010a). Our data showing that NANCI binds
to TrxG/Wdr5 complexes suggest that this transcript
may serve this type of function in regulating Nkx2.1
gene expression during foregut and lung development.
Interestingly, other IncRNAs in our database, such as
LL12, bind to both TrxG/Wdr5 and PRC2/Ezh2 at high
levels, suggesting that they may play both activating and
repressive roles in regulating gene transcription. Of
note, LL12 was previously found to be associated with
Ezh2 in a genome-wide survey of polycomb-associated
IncRNAs (Zhao et al. 2010). Further experiments dis-
rupting these interactions specifically will be required
to fully assess their importance in regulating NANCI
function.

Our database of lung IncRNAs reveals important fea-
tures of this class of transcripts and also identifies several
important players in both lung and foregut development.
We characterized the tissue-specific expression patterns
of several of these IncRNAs, revealing that they are often
expressed in a pattern exquisitely similar to their neigh-
boring PCGs. These data bolster and extend an emerging
concept that IncRNAs are an important regulator of cell
lineage differentiation during tissue development and
suggest that a subset acts on neighboring transcription
factors to regulate their expression and function.

Materials and methods

Library preparation

Total RNA was extracted from E12.5 and adult mouse lungs
using the RN AEasy kit (Qiagen) and used in the preparation of
sequencing libraries using the Illumina TruSeq IRNA sample
preparation kit. Paired-end reads were sequenced on a HiSeq
2000 at a depth of four samples per lane to achieve an average 60
million reads per library. Two libraries per time point were
analyzed.

Alignment and transcript assembly

Paired-end reads were aligned to the mouse reference genome
(build NCBI37/mm09) using the read mapper GSNAP version
2012-07-20 (Wu and Nacu 2010). GSNAP was executed in the
mode to detect both novel and known splice sites. Known splice
sites were obtained from Ensembl build 67. Cufflinks was then
used to assemble the transcriptome for each of the four individual
samples (Trapnell et al. 2013). These individual assemblies were
then merged and annotated using Ensembl 67 into a single
collection of transcripts using Cuffmerge. Expression quantifica-
tion and differential expression analysis were performed on the
transcript using Cuffdiff. Expression values in the form of frag-
ments per kilobase of exon per million reads mapped (FPKM) were
imported into a custom database for further analysis.
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IncRNA identification pipeline

Potential IncRNAs were discovered using the same pipeline
described by Cabili et al. (2011). Briefly, transcripts that were
multiexonic, >200 nt, and called with a class code of “u” in
Cuffmerge were retained as potential novel IncRNAs. To
remove transcripts that might be novel PCGs, PhyloCSF
was used to assess the protein-coding potential of each
transcript by examining the overrepresentation of evolution-
ary signatures characteristic of alignments of conserved
coding regions, such as the high frequencies of synonymous
codon substitutions and conservative amino acid substitution
(Lin et al. 2011). Transcripts with a PhyloCSF score >100,
which roughly indicated a false positive rate of 10% when
comparing known noncoding transcripts, were excluded for
further analysis. Transcripts were also excluded if they con-
tained a known protein-coding domain. Pfam scan (ftp://
ftp.sanger.ac.uk/pub/databases/Pfam) was used to search all
potential ORFs against Pfam (release version 26, PfamA and
PfamB). GenBank accession numbers are KF856953 for mouse
LL18/NANCI; KF856952 for human LLI18/NANCI, and
KF876689 for LL34.

Motif enrichment

DNase hypersensitivity sites (ENCODE) were used to predict
protein-binding regions within IncRNA promoters 2.5 kb up-
stream of and 300 base pairs (bp) downstream from IncRNA
transcription start sites. DNA sequences overlapping with
IncRNA promoter regions and DNase hypersensitivity sites
were created using BEDTools (Quinlan and Hall 2010). Novel
motifs were discovered using the tool MEME (Bailey and Elkan
1994) and set to find the five most overrepresented motifs in the
input sequences. Discovered motifs were then matched to
known motifs in the TRANSFAC database (Matys et al. 2006)
using the tool TOMTOM (Gupta et al. 2007).

Neighbor gene analysis and spatial correlation

Genes from Ensembl were annotated as transcription factors
using data from the animal transcription factor database
(http://www.bioguo.org/Animal TFDB/index.php) (Zhang et al.
2012b) A 2X2 table using distance windows of 5, 10, 20, 25,
and 50 kb of counts was constructed with IncRNAs near
transcription factor loci, lincRNAs near nontranscription factor
PCG, PCGs near transcription loci, and PCGs near nontran-
scription factor loci. This count table was used in a single-sided
Fisher’s exact test to determine whether the proportion of
IncRNASs near transcription factors was different from that of
PCGs with near transcription factors.

The R package GenometriCorr was used to examine the
spatial correlation of IncRNAs with PCGs (Favorov et al.
2012). Gene groups were formed using the animal TFDB database
for transcription factors, signal proteins defined by gene ontology
(GO) (GO:0038023), and structural proteins defined by GO
(GO:0005198). GenometriCorr implements various statistical
approaches to assess whether the positions of two sets of
intervals are associated in genomic space. The 363 IncRNAs
from the mouse lung and IncRNAs in Ensembl were compared
against groups of PCGs defined as transcription factors, signaling
proteins, or structural proteins using the GenomtriCorr relative
distance test. For a positive correlation reference the adult mouse
lung H3K4me3 sites, a promoter mark was compared against
PCGs expressed in the mouse lung determined by using our RNA-
seq data (FPKM >5) The distributions’ relative distances between
IncRNA and the categories of PCGs were plotted using R and
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tested for a significant difference from the uniform null distribu-
tion using a Kolmogorov-Smirnov test.

Human syntenic transcripts

Mouse lung IncRNA loci were mapped to syntenic human
(GRCh37/hgl9) regions using the Liftover tool available on the
University of California at Santa Cruz (UCSC) Genome Browser
Web site. Human Ensembl version 75 was used to determine
which genes were located in syntenic regions.

5" and 3' RACE and full-length IncRNA cloning

5" RACE was performed with the TaKaRa 5' RACE core kit
(Clontech) per the manufacturer’s instructions using the PCR
primers listed in Supplemental Table 8. The final reaction
products were cloned and sequenced using the TOPO TA cloning
kit and pCR4 vector (Life Technologies). Primer 1 (Supplemental
Table 8) was used for first strand synthesis from total RNA
extracted from MLEI2 cells with Superscript II per the manu-
facturer’s protocol. 3' RACE products were subsequently ampli-
fied with nested PCR primers (sece Supplemental Table 8). These
products were also subsequently closed into the TOPO vector
pCRA4. Based on the results of 5" and 3’ RACE, PCR primers were
designed to amplify full-length transcripts for each IncRNA of
interest. LA Taq (Clontech) was used for full-length transcript
amplification. Each product was cloned into TOPO pCR4,
sequenced, and then subcloned into the plasmid backbones as
described in the Materials and Methods.

In vitro transcription/translation assay

The Promega TnT quick-coupled transcription/translation sys-
tem and transcend nonradioactive translation detection system
was used to in vitro transcribe and translate each full-length
IncRNA from the T7 promoter of a pcDNA3.1" plasmid per the
manufacturer’s instructions. Following completion of the tran-
scription/translation reaction, 1 wL of the reaction product was
added to 15 L of SDS sample buffer, heated for 2 min to 100°C to
denature the proteins, and then loaded onto a 4%-12% 1-mm 15-
W NuPage SDS—polyacrylamide gel (Life Technologies). Protein
products labeled with the biotinylated Transcend tRNA were
detected with streptavidin antibody and Western Blue reagent
per the manufacturer’s instructions. The luciferase T7 control
DNA plasmid supplied with the TnT quick-coupled transcrip-
tion/translation system was used as a positive control.

Animals

The generation and genotyping of the Nkx2.17/~, Shh®*, and
Ctnnb119¥/8°% mice have been previously described (Brault et al.
2001; Harfe et al. 2004; Taniguchi et al. 2011, 2013). All animal
work was performed under the approval and guidance of the
University of Pennsylvania Institutional Animal Care and Use
Committee.

Quantitative real-time PCR

Total RNA was isolated from the indicated tissues or cell lines
using Trizol (Invitrogen) per the manufacturer’s protocol. cDNA
was synthesized from total RNA by using the SuperScript strand
synthesis system (Invitrogen). Quantitative real-time PCR was
performed using the SYBR Green system (Applied Biosystems)
with primers listed in Supplemental Table 8. GAPDH expression
values were used to control for RNA quality and quantity. Five
biologic replicates were used for all cell line experiments, and
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biologic triplicates were used for in vivo experiments unless
otherwise noted. Data shown are the mean = SEM.

Histology

Tissues were fixed in 4% paraformaldehyde, embedded in
paraffin wax, and sectioned at 5-wm intervals. Immunohisto-
chemistry was performed using the following antibodies: mouse
anti-phopho-histone3 (1:200; Cell Signaling Technology), goat
anti-CC10 (1:20; Santa Cruz Biotechnology), rabbit anti-SP-C
(1:500; Chemicon), rabbit anti-Nkx2.1 (1:50; Santa Cruz Bio-
technology), mouse anti-Cdknla (1:100; Santa Cruz Biotechnol-
ogy), rabbit anti-Sox9 (1:100; Santa Cruz Biotechnology), rabbit
anti-Rbl2/p130 (1:50; Abcam), rabbit anti-Par3 (1:100; Upstate
Biotechnology), rabbit anti-Sox2 (1:500; Seven Hills Bioreagents),
and rabbit anti-Cdh1 (1:100; Cell Signaling). Slides were mounted
with Vectashield mounting medium containing DAPI (Vector
Laboratories). ISH was performed as described (Zhang et al.
2008). Probes were amplified from each IncRNA using the
primers listed in Supplemental Table 8.

Human lung sample collection

Neonatal lung samples were collected through an institutional
review board (IRB)-approved registry biorepository, “Molecular
and Clinical Analysis of Syndromic and Isolated Anomalies of
the Foregut,” at The Children’s Hospital of Philadelphia. Fetal
lung samples were collected through an IRB protocol at Temple
University (Philadelphia, PA).

Cell culture methods

HEK293T, MLE12, and H441 cell lines obtained from American
Type Culture Collection were used for all experiments.
HEK293T cells were cultured in DMEM (Life Technologies) plus
10% FBS plus 1% penicillin/streptomycin at 37°C and 5% CO,.
Antibiotic-free conditions were used during transfection. MLE12
cells were cultured in the HITES medium (Ham’s F12 [Medi-
atech], 0.005 mg/mL insulin, 0.01 mg/mL transferrin, 0.01 mg/mL
transferrin, 30 nM sodium selenite, 10 nM hydrocortisone, 10 nM
B-estradiol, 10 mM HEPES, 2 mM L-glutamine) plus 2% FBS plus
1% penicillin/streptomycin. H441 cells were cultured in RPMI-
1640 (Mediatech) plus 10% FBS plus 1% penicillin/streptomycin
at 37°C and 5% CO,.

Lentiviral shRNA knockdown

Suitable target regions for each IncRNA were chosen based on
the guidelines outlined by Birmingham et al. (2007). Five distinct
regions of each target were chosen for shRNA design. Regions
containing known SNPs or repeat elements were specifically
avoided. A minimum of five shRNAs were designed against
these regions using the RNAi Consortium’s publically available
design tool (http://www.broadinstitute.org/rnai/public/seq/search).
Each target sequence was independently verified to be unique
through a separate BLAST search. shRNAs were screened for
efficiency; the shRNA construct with maximum knockdown
was selected for subsequent analyses. Sequences for shRNAs and
target sites can be located in Supplemental Table 9.

For knockdown in MLE12 cells, shRNA oligos were synthe-
sized by Integrated DNA Technologies, phosphorylated, an-
nealed to their complementary partner, and then cloned into
the pLKO.1-GFP vector. Lentivirus was produced by transfecting
HEK293T cells at 50%-70% confluency with the viral packaging
plasmids psPAX2 and pMD2.G and the appropriate pLKO.1-
shRNA plasmid with FuGENEG (Promega). A total of 4 pg of
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DNA (2 pg of pLKO.1-shRNA, 1.5 pg of psPAX2, 500 ng of
pMD2.G) plus 12 pL of FuGENE 6 was used to transfect each
well of a six-well plate for screening assays. A total of 10 g of
DNA (5 pg of pLKO.1-shRNA, 3.75 pg of psPAX2, 1.25 pg of
pMD2.G) plus 30 pL of FuGENE 6 was used to transfect 10-cm
plates for subsequent experiments. Fresh medium was added
12 h after transfection. Virus was collected 48 h following
transfection by passing the virus-containing medium through
a 0.45-pm strainer and then concentrated with Amicon 100k
Ultracentrifugation filters (Millipore) by centrifugation at 2800g
for 15 min. The viral concentrate was reconstituted in an
equivalent volume of MLE12 medium (composition described
above) and then applied to MLE12 cells with fresh medium in
a 1:4 ratio with 8 pg of polybrene per milliliter of medium. Fresh
medium was added 12 h after addition of virus. MLE12 cells were
cultured for 65 h after infection before collecting and isolating
total RNA. A similar protocol was used to infect H441 cells,
except the H441 cells were exposed to virus for 18 h and cultured
in H441 medium (composition described above).

Overexpression of NANCI and Nkx2.1 rescue of NANCI
knockdown

NANCI was cloned into pLenti 7.3/V5-DEST using the gateway
cloning system. Lentivirus was produced in HEK293T cells and
used to infect MLE12 cells at 50%—-70% confluency, as described
above. Infected MLE12 cells were grown for 65 h before collect-
ing and isolating total RNA. Full-length Nkx2.1 was cloned into
the pCMV-Tag2B vector. MLEI2 cells were infected with
NANCI shRNA lentivirus as described above and allowed to
grow for 24 h. MLE12 cells were then transfected with a pCMV-
Tag2B-Nkx2.1 vector using the Lonza 4D-Nucleofector system
and allowed to grow for another 48 h before isolating RNA.

Microarray analysis

RNA was isolated from MLE12 cells following infection with
either a scrambled control shRNA or IncRNA target shRNA in
triplicate. Biotinylated cRNA probe libraries were generated
from these RNA samples and used with Affymetrix Mouse
Gene 2.0ST arrays. Microarray data were analyzed using the
Oligo package available at the Bioconductor Web site (http://
www.bioconductor.org). The raw data were background-cor-
rected by the robust multichip average (RMA) method and then
normalized by an invariant set method. Genes with 80% of
samples with an expression signal above the negative control
probes were considered detectable or present. Differential gene
expression performed on the detected gene set between the control
and mutant mice was analyzed by the Limma package available at
the Bioconductor Web site. P-values obtained from the multiple
comparison tests were corrected by false discovery rates. Heat
map displays were created using R and the R library heatmap2.
See Supplemental Tables 2 and 3 for the full list of genes that were
significantly altered with a 1.4-fold change in expression. GO
enrichment analysis using separate gene sets for up-regulated and
down-regulated genes for each assay was compared against
a background using the detected genes using the DAVID Web site
(Huang et al. 2009) using separate gene sets (see Supplemental
Tables 4-7). The Gene Expression Omnibus accession number for
the microarray data is GSE52389.

NANCI promoter motif analysis

The promoter region of NANCI was searched for transcription
factor motifs (TRANSFAC) of transcription factors with known
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roles in foregut endoderm development using the search tool
FIMO (Grant et al. 2011). A phastCons score of >0.75 in the 30-
way placental mammal UCSC was used to classify a motif as
being evolutionary conserved.

RNA coimmunoprecipitaton

RNA coimmunoprecipitation was carried out as previously
described (Moran et al. 2012). MLE12 cells were grown to 90%
confluency on 12 10-cm plates and then harvested following
trypsinization. The cells were washed twice with sterile PBS and
then cross-linked with 0.3% formaldehyde in PBS for 10 min at
room temperature. The reaction was quenched with glycine at
a final concentration of 0.125 M. Cells were then pelleted,
washed with PBS twice, and resuspended in 1.2 mL of RIPA
buffer supplemented with protease inhibitors (Complete pro-
tease inhibitor tablet [Roche] and RNase inhibitors (62.5 pL of
RNaseOUT plus 125 pL of SuperaseIN [Life Technologies]). The
cell suspsension was incubated for 30 min at 37°C and, during
this period, vortexed for 30 sec at 5-min intervals. The cells were
then homogenized with a Dounce homogenizer for 1 min. The
cell lysate was centrifuged to pellet the debris, and the superna-
tant was transferred to a clean tube. A 200-pL aliquot was set
aside as the input sample, and 500 wL was used for each pull-
down reaction (500 pL for the IgG reaction; 500 pL for the target
antibody reaction). Dynabeads Protein G (Life Technologies)
were used for immunoprecipitation following the manufac-
turer’s instructions. The beads were resuspended by vortexing
for 30 sec, and then 100-pL aliquots were transferred to clean
tubes and resuspended in RIPA buffer supplemented with pro-
tease and RNase inhibitors. Two micrograms of target antibody
(either anti-Ezh2 [Millipore] or anti-Wdr5 |Bethyl Laboratories,
Inc.]) was added to the first tube, and 2 pg of polyclonal IgG
antibody was added to the second tube. The antibody bead
mixture was intubated for 2 h at 4°C with shaking. The beads
were then washed with 500 wL of RIPA buffer, and resuspended
in 500 pL of MLE12 cell lysate. The antibody-bead—cell lysate
mixture was incubated for 2 h at 4°C with shaking. Next, the
beads were washed with high-salt RIPA buffer (1 M NaCL, 1%
NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris-HCI,
1 mM EDTA). Ten micrograms of proteinase K was added to each
reaction mixture and incubated for 30 min at 42°C, followed by
incubation for 4 h at 65°C to reverse the formaldehyde cross-
links and free the bound RNA. RNA was then isolated from this
sample as well as the input using Trizol in a standard fashion per
the manufacturer’s protocol. cDNA was synthesized as described
above with random hexamers, and cDNA content was quantified
by qPCR (see Supplemental Table 8 for qPCR primer sequences).
Ul rRNA was used as an internal control, Hmbs was used as
a negative control, and LL12/Snhg5 was used as a positive
control for the EZH2 pull-down (Zhao et al. 2010; Grote et al.
2013).

Generation of NANCI shRNA knockdown transgenics

The 3.7-kb human SFTPC promoter transgenic expression vector
has been described previously (Yang et al. 2002; Li et al. 2012).
The NANCI shRNA construct used above was used to generate
an shRNA-miRNA cassette construct, as described previously
(Wang et al. 2007). This was cloned downstream from the human
SFTPC promoter and the SV40 polyadenylation sequence, ex-
cised from the resulting plasmid, purified, and injected into
FVBN fertilized oocytes as previously described (Yang et al. 2002;
Lietal. 2012). Embryos were collected at E18.5 and genotyped by
standard PCR (see Supplemental Table 8). Whole lungs were
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isolated; the left lung was fixed for histology, and the right lung
was used to isolate total RNA.

Mesenchymal thickness calculations

H&E staining was performed on SETPC-NANCI*®*NA transgenic
lungs, Nkx2.1*/~ lungs, and littermate control lungs for both
genotypes. For each lung section, two pictures were taken at
200X near the top and middle of the lung section. These pictures
were overlaid with a uniform grid. Two horizontal lines and two
vertical lines were chosen at random from each grid. Along
a uniform length of each line, the mesenchymal length and
number of intersecting airways were measured; and these values
were then summed across all four lines. The total mesenchymal
length was then divided by the total number of intersecting
airways to obtain the average mesenchymal thickness for that
picture. The mesenchymal thicknesses of the two pictures were
then averaged to get the mesenchymal thickness for a lung
section. The number of lung sections analyzed was five SFTPC-
NANCPMNA  transgenic lungs and control littermates, six
Nkx2.1*/~ lungs, or four Nkx2.1*/* lungs.
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