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Idiopathic pulmonary fibrosis (IPF) is a chronic interstitial lung disease causing fibrotic remodeling
of the peripheral lung, leading to respiratory failure. Peripheral pulmonary epithelial cells lose
normal alveolar epithelial gene expression patterns and variably express genes associated with
diverse conducting airway epithelial cells, including basal cells. Single-cell RNA sequencing of
pulmonary epithelial cells isolated from IPF lung tissue demonstrated altered expression of
LncRNAs, including increased MEG3. MEG3 RNA was highly expressed in subsets of the atypical
IPF epithelial cells and correlated with conducting airway epithelial gene expression patterns.
Expression of MEG3 in human pulmonary epithelial cell lines increased basal cell-associated RNAs,
including TP63, KRT14, STAT3, and YAPT, and enhanced cell migration, consistent with a role

for MEG3 in regulating basal cell identity. MEG3 reduced expression of TP73, SOX2, and Notch-
associated RNAs HESTand HEY?1, in primary human bronchial epithelial cells, demonstrating a role
for MEG3 in the inhibition of genes influencing basal cell differentiation into club, ciliated, or goblet
cells. MEG3 induced basal cell genes and suppressed genes associated with terminal differentiation
of airway cells, supporting a role for MEG3 in regulation of basal progenitor cell functions, which
may contribute to tissue remodeling in IPF.

Introduction

Idiopathic pulmonary fibrosis (IPF) is an interstitial lung disease causing progressive remodeling and fibro-
sis of the peripheral lung, leading to respiratory failure (1). Normal alveoli are lined by alveolar type 1
(AT1) cells and alveolar type 2 (AT2) cells that mediate gas exchange and secrete pulmonary surfactant into
the alveolar spaces. In IPF, normal AT1 and AT2 cells are replaced by fibrotic regions, including “honey-
combed” cysts, frequently lined by atypical AT2-like cells and epithelial cells of mixed cell lineages that are
more characteristic of upper airway basal, goblet or ciliated cells (2, 3). Epithelial gene expression patterns
in IPF are consistent with the loss of proximal-distal patterning (3). While the underlying causes of IPF
remain unclear (4), transcriptomic analysis of both sorted and single epithelial cells from IPF lung tissue
identified activation of a number of cellular processes involved in cell migration, proliferation, and extra-
cellular matrix remodeling. Single-cell RNA analyses revealed gene signatures in IPF epithelial cells with
characteristics of goblet, basal, and “indeterminate” cells coexpressing both alveolar and conducting air-
way epithelial cell-associated genes (5). Pathways regulating differentiation, cell migration, epithelial-mes-
enchymal transition (EMT), and proliferation, including YAP, TGF-B, mTOR/Pi3K/AKT, and WNT/
planar polarity signaling were activated in IPF epithelial cells (6—11). Several of these signaling networks
are regulated by long noncoding RNAs (LncRNAs), particularly in cancer (12—-15).

LncRNAs are highly abundant in the human genome and are associated with regulation of cell differen-
tiation and proliferation (16-18). LncRNAs mediate a variety of mechanisms, including gene transcription,
translation, and chromatin remodeling. LncRNAs act in cis or trans to regulate gene and protein expression
(19, 20). LncRNAs also interact directly with regulatory sequences, influence chromatin structure, bridge
the transition from enhancers to promoters, and facilitate formation of RNA-protein complexes. Multiple
LncRNAs are associated with the pathogenesis of human disease, including cancer, wherein they modulate
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key transcription factors, such as TP53 (17-19, 21). The roles of LncRNAs in other chronic lung diseases,
including IPF, are largely unknown. Therefore, we aimed to determine if LncRNAs could be playing a role
in the modulation of the abnormal respiratory epithelial cells identified in our prior transcriptional analysis.

Results

Differential expression of LncRNAs in IPF epithelial cells. RNA-sequencing (RNA-seq) data from epithelial cells
isolated from normal and IPF lung tissue (GEO GSE86618) were reanalyzed using a custom screen to identi-
fy LncRNAs differentially expressed in normal AT2 cells compared with the 3 distinct IPF epithelial cell types
previously identified by single-cell transcriptomic studies, specifically basal-like, indeterminate, and goblet
cells (5). LncRNAs (n = 21), which were differentially expressed in IPF epithelial cell types, are shown in
Figure 1A. MEG3 was the most increased LncRNA in IPF epithelial cells (Figure 1B). MEG3 RNA varied
within the IPF cell subtypes, and the highest levels of MEG3 RNA were observed in IPF basal-like and inde-
terminate cells (Supplemental Figure 1; supplemental material available online with this article; https://doi.
org/10.1172/jci.insight.122490DS1). All known MEG3 RNA splicing variants were identified in IPF cells,
which expressed MEG3 at high levels (transcripts per million [TPM] >100; # = 6) (Figure 1C).

MEG3 RNA is highly expressed in IPF basal-like cells. Proximity ligation in situ hybridization (PLISH) (22,
23) was used on IPF and normal lung tissue to visualize MEG3 RNA (Figure 2). MEG3 RNA was detected
at low levels throughout normal lung tissue and was increased in epithelial cells in IPF lungs. Immunoflu-
orescence colocalization demonstrated increased MEG3 RNA in IPF epithelial cells expressing basal cell
markers TP63 and KRT5 (Figure 2, A and B) and in abnormal IPF AT2-like cells, which costained for
ABCAZ3 (Figure 2A). MEG3 was negatively correlated with NKX2.1 and was most highly expressed in air-
way cells expressing low levels of NKX2.1 (Figure 2C). MEG3 was detected at low levels in CD68* immune
cells and nonepithelial cells throughout the IPF lung and were not readily detected in normal lung or
compared to negative control staining (Figure 2D). Analysis of RNA from CD326" epithelial cells isolated
form IPF and healthy donors lungs demonstrated increased MEG3 RNA in IPF epithelial cells (Figure 2E).
Coexpression of MEG3 RNA in KRT5* and TP63* IPF basal cells was consistent with single-cell RNA-seq,
which identified expression of MEG3 in basal and indeterminate epithelial cells.

MEG3 RNA is correlated with airway basal cell markers. Genome-wide correlation was performed to identify
genes that positively or negatively correlated with MEG3 RNA in IPF in an unbiased fashion. Spearman correla-
tion analysis of MEG3 with RNA profiles from IPF and donor EPCAM-sorted single cells demonstrated that
normal AT?2 epithelial cell markers (STFPC, SFTPB, SFTPAI, SFTPD, and NAPSA) and normal AT1 markers
(HOPX) were negatively correlated with MEG3 RNA. In contrast, MEG3 RNA was positively correlated with
basal cell-associated transcripts, 7P63, ITGB4, KRT17, and KRT5 (Figure 3A and Supplemental Table 1). Spear-
man correlation of bulk RNA sequences from CD326/HTII-280 FACS-sorted normal and IPF epithelial cells
(GEO GSE9%4555) demonstrated that MEG3 positively correlated with basal cell markers TP63, KRTS5, KRT17,
KRT14, and ITGB4. MEG3 RNA was also associated with the Hippo/Yap downstream target, AXL. Normal
AT?2 cell markers ABCA3, SFTPC, and SF'TPB were negatively correlated with MEGJ expression (Figure 3B).

MEGS3 regulates genes associated with basal cells in vitro. To test the role of MEG3 in pulmonary epithelial
cells, two MEGJ3 cDNA expression constructs, one encoding the highly conserved regions present in 15 of
the 16 MEGS3 splice variants and the other containing part of the conserved 5’ region and the large final exon
found only in transcript 16 (T16), were transfected into HBEC3KTs, BEAS2B, and H441 human lung epi-
thelial cell lines. MEG3 RNA was highly expressed in cells transfected with either of the two MEG3 cDNA
expression constructs (Figure 3, C-E). Consistent with its proposed role in inducing EMT, MEG3 increased
SNAI2 RNA in BEAS2B, HBEC3KT, and H441 cells and inhibited CDHI in BEAS2B and HBEC3KT cells
(Figure 3C and Supplemental Figure 2). We prioritized the study of genes with predicted MEG3-binding
sites and genes regulating epithelial cell differentiation. MEGJ3 expression induced AXL, KRT14, and TP63
in the 3 cell lines tested. Expression of MEGJ inhibited FOXA2 and TP73 and increased STAT3 and YAPI
RNA in certain cell lines. Genes influencing differentiation of basal cells into ciliated cells (FOXJI) or gob-
let/club cells (MUC5AC, SCGBIAI, and SPDEF) were not altered by MEG3 expression in HBEC3KT cells
(Supplemental Figure 2). Consistent with increased EMT-related RNAs following MEG3 expression, cell
migration was increased in HBEC3KT and BEAS2B cells, as assessed by scratch assays (Figure 4); how-
ever, MEG3 did not alter cell proliferation of these immortalized cell lines (Supplemental Figure 3). Taken
together, these data demonstrate that the LncRNA MEG3 regulates a number of genes (TP63, STAT3,
KRTI14, YAPI, and AXL) associated with basal cell identity and increased epithelial cell migration.
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MEG3 RNA Splice Variants

Figure 1. Altered LncRNA expression in IPF epithelial cells. (A) Differentially expressed LncRNAs (n = 21) were identified in single-cell RNA sequences
from normal donor and IPF epithelial cells by a custom LncRNA screen (GEO GSE86618). The heatmap indicates fold changes of RNA expression in each
IPF cell type. Significance was determined by ANOVA followed by Holm-Bonferroni post hoc test. P < 0.05. (B) MEG3 RNA was most increased in indeter-
minate and basal-like IPF epithelial cells. Significance was determined by ANOVA followed by Holm-Bonferroni post hoc test. Box-and-whisker plots repre-
sent the first and third quartile (box), median (line), mean (+), and minimum and maximum of the data (whiskers); *P < 0.01. TPM values are represented
on a log, scale. (€) Sashimi plots were generated by Integrative Genomics Viewer software to map reads of all known MEG3 exons in IPF cells expressing
MEG3 RNA >100 TPM and in 2 random control cells. All MEG3 RNA splicing exon variants were identified in IPF epithelial cells.

MEG3-binding sites are present in the promoter regions of genes regulating airway epithelial cell differentiation.
To identify potential MEG3 targets in lung epithelial cells from IPF patients, MEG3 DNA-binding sites pre-
viously identified by chromatin oligo affinity precipitation (ChOP) sequencing (14) were compared with
single-cell RNA-seq analyses of IPF and normal AT2 epithelial cells (5). MEG3 DNA-binding peaks were
identified in 2,124 gene promoter regions (Supplemental Table 2A). Of these, 73 genes were differentially
expressed in IPF (Supplemental Table 2B). MEG3 ChOP peaks were identified in the promoter regions of
AXL, FOXA2, and basal cell genes (ITGB4, KRT15 and KRT19), all of which were significantly altered in
abnormal IPF epithelial cells (Figure 5A). MEG3-binding sites were identified between the TA/ANTP63
splice sites, located after the third exon of 74P63 and before the ANTP63 alternative start site (Figure 5A).
To test the potential role of MEGSJ in regulation of TP63 splicing, TP63 isoforms were detected by immuno-
blotting in HBEC3KT cells, which actively express multiple TP63 isoforms (24). Expression of MEG3 inhib-
ited ANTP63 protein variants, while TATP63 splice variants were not altered (Figure 5, C and D). Immu-
noblotting revealed that expression of TP63 isoforms was not altered in Beas2b or H441 cells. ANTP63
and TATP63 were assessed at the transcriptional level in pulmonary cell lines, primary human bronchial
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IPF IPF Figure 2. Colocalization of MEG3 RNA with basal
epithelial cell markers. MEG3 RNA was identified

by proximity ligated in situ hybridization (PLISH)
and costained with immunofluorescence markers in
normal and IPF lung tissue. (A) MEG3 (white) is shown
with the AT2 cell marker ABCA3 (green) and the basal
cell marker KRTS5 (red). MEG3 RNA was colocalized in
the atypical AT2 cells and KRT5* basal cells in IPF. (B)
MEG3 (white) colocalized with the basal cell marker,
TP63 (red). (C) Low levels of MEG3 RNA (white) were
detected in epithelial cells expressing NKX2.1 (red)
and in CD68* macrophages (green). (D) A bacteria
Bacillus subtilis gene mgsA target probe was used as
a negative control for PLISH (white) and TP63 (red).
Images are representative of n = 6 donors and n =

8 IPF patient samples. (E) Quantification of MEG3
RNA from CD326*-sorted epithelial cells isolated
from IPF (n = 3) and healthy donor (n = 4). A 1-tailed
Mann-Whitney t test was used to determine signifi-
cance of increased MEG3 RNA expression. *P < 0.05.
Images were obtained at x60 magnification.
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epithelial cells (HBECs) cells, and CD326" epithelial cells isolated from IPF and healthy donors. ANTP63
was slightly reduced in HBEC3KTs, and TATP63 RNA was increased in HBEC3KT and Beas2b cell lines
(Supplemental Figure 4A). TP63 splice isoforms were not altered in HBEC cells, consistent with total TP63
being unaltered in these cells (Supplemental Figure 4B). ANTP63 and TATP63 were increased in CD326*
epithelial cells isolated from donors and IPF lungs, although levels of TATP63 were increased at a higher
level (Supplemental Figure 4C). Promoter regions of genes associated with basal cell differentiation, i.e.,
SOX2, STAT3, FOXN4, FOXAI, TP73, and HEY1, and genes involved in EMT (SNAIL2, SNAII, and CDHI)
contained predicted MEG3-binding sites (Figure 5B and Supplemental Table 2B). Taken together these data
support a potential role for MEG3 in regulating basal cell differentiation and promoting EMT in IPF.
MEGS3 suppresses genes associated with basal cell differentiation in primary airway epithelial cells. Primary
HBECs were transfected with MEG3 cDNA constructs. RNAs with MEG3-binding sites in their gene
promoters and RNAs associated with basal cell differentiation were assessed. Genes associated with
basal cell differentiation; TP73, a regulator of ciliated cell differentiation; and the Notch target HEY!
were inhibited by MEG3 (Figure 6). In donor DDO011L, TP73 was expressed at low levels at baseline
and was not significantly altered by MEG3. Other Notch targets, NRARP and HEY1, were inhibited
by MEG3 T16. In certain donors, MEG3 induced SNAI2, a gene associated with EMT, and regulated
S0X2 depending on MEG3 expression levels (Supplemental Figure 5). Genes associated with basal
cells that were induced in HBEC3KTs, BEAS2B, and H441, i.e., TP63 and KRT14, were not altered by
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Figure 3. MEG3 RNA is correlated with RNAs associated with basal cells. (A) Correlation of MEG3 RNA (Spearman correlation) with all genes identified

in CD326*-sorted single-cell RNA sequencing from normal donor and IPF epithelial cells (GEO GSE86618) was performed using R software’s correlation
function. A selection of the top 50 positive and negative Spearman correlation coefficients was visualized in graphical format. MEG3 was correlated with
basal cell markers (KRT5, KRT17, ITGB4, and TP63) and was negatively correlated with normal alveoli markers (NAPSA, SFTPA1, SFTPA2, SFTPB, SFTPC,
SFTPD, and HOPX). (B) Spearman correlation was performed on RNA from FACS-sorted AT2 cells from IPF and control lungs (GEO GSE94555). MEG3
correlated with basal cell markers, i.e., KRT5 and TP63, and negatively correlated with markers of differentiated alveolar epithelial cells, SFTPC and HOPX.
(C-E) MEG3 cDNA was expressed in (C) BEAS2B, (D) H441, and (E) HBEC3KT cells. MEG3 induced basal cell-associated genes (TP63, KRT14, and STAT3) and
EMT-associated gene SNA/2. *P < 0.05, as determined by ANOVA; n = 3-4 wells transfected and n = 4 transfections for each cell line.

insight.jci.org

MEG3 expression in primary HBEC cultures (Supplemental Figure 5). In contrast to cell lines, AXL
was inhibited in primary HBEC cells collected from a subset of donors expressing MEG3. These results
indicate a potential role for MEG3 in the regulation of basal cell differentiation.

Predicted transcriptional regulatory network active in IPF epithelial cells. We previously demonstrated increased
expression of genes associated with active canonical TGF-B, HIPPO/YAP, PI3K/AKT, and WNT signaling
in IPF epithelial cells (5, 11). We further predicted cross talk among these activated signaling pathways and
formed a transcriptional regulatory network (TRN) predicted to influence the differentiation of IPF epithelial
cells. Transcription factors, including TGF-1, TP53/63, CTNNBI, and NFKB, and ETS family members
(SPDEF, ETV5, EHF) were predicted to serve as important regulatory hubs in the IPF epithelial network
(5). In the present work, the effects of MEG3 on the IPF network were assessed by modeling the interactions
between MEG3 and the IPF TRN. As shown, MEG3 was predicted to interact with and influence expres-
sion of a number of important regulators of the IPF network (Figure 7). Some of these interactions were
previously reported in other biological systems (black lines, Figure 7). For example, previous in vitro studies
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Figure 4. MEG3 expression increases cell migration. MEG3 cDNA was expressed in HBEC3KT, H441, and BEAS2B cells.

(A) Cell migration was assessed by scratch assay in HBEC3KT, H441, and BEAS2B cell lines transfected with MEG3 cDNA.
MEG3 increased cell migration in HBEC3KT and BEAS2B cells. Cell migration is presented as cell speed normalized to
empty vector-transfected control for each cell line. (B) Representative images of HBEC3KT cells transfected with MEG3
at 0 and 4 hours following scratch assay. Differences were determined by an ANOVA. *P < 0.05, n = 3-4 wells transfected
and n = 3 transfections for each cell line. Average cell speed was calculated by Imaris cell tracking software. Over 10,000
cells were tracked for each transfection. Graphs represent an average of 3 separate experiments. Box-and-whisker plots
represent the first and third quartile (Box), median (line), and minimum and maximum (whiskers) of each data set. Imag-
es were obtained at x10 magnification.

demonstrated that MEG3 interacts directly with TP53, EZH2, and TGFJ3 (12, 14, 15). Our current data predicts
interactions between MEG3 and genes in the IPF TRN (green lines, Figure 7), wherein MEG3 positively reg-
ulates TP63, YAPI, SNAI2, and STAT3 and negatively regulates FOXA2 and TP73 (Figure 7). SPDEEF, a key
transcription factor required for goblet cell differentiation in the airways, inhibits MEGJ3 expression in pulmo-
nary adenocarcinoma cells (25). Together, the network analysis suggests that MEG3 plays an important reg-
ulatory role in the TRN in epithelial cells and likely influences abnormal epithelial cell differentiation in IPF.

Discussion

Herein, we identified 21 human LncRNAs that were significantly altered in IPF epithelial cells compared
with those isolated from normal donor lung. Of these LncRNAs, MEG3 was highly induced in KRT5* and
TP63* indeterminate and basal cells in IPF and was rarely detected in normal lung epithelial cells. MEG3
RNA was positively correlated with basal cell gene expression and was negatively correlated with alveolar
epithelial markers, supporting the concept that MEG3 is coexpressed with and influences basal cell gene
expression. In vitro expression of MEG3 in various lung epithelial cell lines enhanced 7P63, AXL, and
KRT14 RNAs, while expression of genes associated with terminal differentiation of the basal progenitor
cell, i.e., FOXJ1, SCGBIAI, or SPDEF, was not altered. MEG3 induced genes involved in the specification
and renewal of progenitor basal cells, including YAPI and STAT3 (26-29). Expression of MEG3 cDNA
did not further induce genes associated with basal cells in primary HBEC cells; however, genes associated
with basal cell differentiation into ciliated, club, or goblet cells (7P73, SOX2, HEYI, HES1, and NRARP)
were significantly (P < 0.05) inhibited by MEG3. Taken together, these findings support the concept that
the LncRNA MEG3 regulates expression of pulmonary airway epithelial cell genes associated with the
basal-like state, typical of the peripheral lung in IPF (Figure 8).

Since the loss of lung architecture in IPF is characterized by heterogeneous and extensive fibrosis,
attention has generally focused on mechanisms of fibroblast proliferation, survival, and differentiation.
However, there is increasing genetic and experimental evidence supporting a critical role for cell survival
and differentiation of the respiratory epithelial cells in the pathogenesis of IPF (1, 30-32). In the present
work, we found that MEG3 RNA was increased more than 50-fold in atypical basal and indeterminate
cells in IPF and was frequently associated with coexpression of genes normally restricted to atypical
respiratory epithelial cell types, supporting the concept that these cells have lost normal cell “lineage
fidelity” (33). During normal lung development and repair, alveolar and conducting epithelial cells main-
tain highly strict lineage relationships that distinguish conducting, compared with alveolar, regions of
the lung. Severe and recurrent alveolar injury, such as influenza infection or repeated exposure to lung
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Figure 5. MEG3-binding sites in the promoters of genes associated with basal cell differentiation. ChOP-sequencing data of MEG3-binding sites in BT-549
cells (14) were analyzed using Homer’s Annotate Peak and visualized using integrated genomics viewer to reveal MEG3-binding sites in gene promoters

and compared with differentially expressed genes identified by analyzing single-cell RNA sequencing of IPF and control lungs, as described in the Methods.
MEG3-binding sites within promoters (arrows) were identified in genes (blue) associated with basal cells, including AXL, ITGB4, KRT15, KRT19, and FOXA2,
which are altered in IPF. MEG3-binding sites were detected in the promoters of SOX2, STAT3, and HEY17 and in the TA/AN splicing region of TP63 and TP73, as
shown as gray peaks with arrows in the gene maps. (A) Expression of basal cell-associated genes in IPF epithelial cell types from single-cell sequencing (5) and
location of MEG3-binding sites curated from ChOP data (14). Box-and-whisker plots represent the first and third quartile (box), median (line), mean (+), and
minimum and maximum of the data (whiskers). TPM expression values are represented on a log, scale. (B) Location of MEG3-binding sites in the promoters
of STAT3, SOX2, and HEY1 and before the AN TP63 and TP73 start sites. Peaks were visualized using Integrative Genomics Viewer software. (C) Western blots
of MEG3-transfected HBEC3KT cells were used to assess TP63 splice variants. (D) MEG3 transfection inhibited levels of all ANTPE3 isoforms and did not alter
TAP63 isoforms in HBEC3KT cells. Differences in RNA expressions were determined by ANOVA followed by Holm-Bonferroni post hoc test. *P < 0.01.

insight.jci.org

toxicants, activates alternative repair processes, causing proliferation and migration of atypical basal
cells into alveolar regions that fail to restore normal alveolar epithelial cell structure and function (34—
37). Expression of MEG3 in HBEK3KT and BEAS2B cells induced cell migration and basal cell signa-
ture genes TP63 and KRT14 as well as Hippo pathway genes AXL and YAPI. TP63 is a central transcrip-
tional regulator of the airway basal cells, regulating basal cell migration and regeneration of the airway
epithelia after injury (35-37). Along with TP63, a number of transcriptional signaling pathways regulate
the function and differentiation of basal cells, including YAP and Notch. Increased expression of YAP
caused hyperproliferation of basal cells and blocked their differentiation, whereas loss of YAP caused
terminal differentiation and loss of the progenitor cell populations (26-28). Herein, we demonstrate a
MEG3-binding site in the promoter region of the YAP target gene AXL and induction of YAPI and AXL
following MEG3 expression in pulmonary epithelial cell lines in vitro. AXL is a receptor tyrosine kinase
directly regulated by the YAP pathway that may play a role in basal cell population maintenance (38).
Increased YAPI and AXL RNA following MEG?3 expression in vitro indicates a potential role for MEG3
in enhancing YAP signaling and therefore basal cell identity. In addition to enhanced YAP signaling in
IPF, SOX2 expression and Notch signaling regulate basal cell differentiation (27, 39, 40). Deletion of
SOX2 in airway epithelial cells prevented SCGBIAI and FOXJI expression, consistent with the require-
ment of SOX2 in differentiation of both club and ciliated cells (39). SOX2 activity in conducting airways
is dependent on upstream Notch signaling (41). Notch controls the fate of basal cells, as low Notch
activity causes differentiation of basal cells into ciliated cells through activation of TP73 and FOXJ1 (42,
43). Increased Notch activity causes differentiation of basal progenitor cells into goblet or often secretory
cells (40, 44, 45). In the present study, MEG3 suppressed Notch targets HESI, NRARP, and HEYI and
reduced 7TP73 and SOX2, supporting a role for MEG3 in a gene network regulating basal cell differenti-
ation. The presence of ChOP-binding sites in the promoters of basal cell-associated genes, e.g., SOX2,
KRT15, STAT3, FOXA2, and HEYI supports a potential direct role for MEG3 in regulation of basal cell
differentiation. Although the factors regulating MEGJ3 are unknown at present, expression of SPDEF
in A549 cells induced goblet cell-associated genes and repressed MEG3 RNA (25). Several microRNAs
(miRs) regulate MEG3, including miR-148a and miR-29 in cancer; the latter is regulated by the Hippo/
YAP pathway (46-48). Hypoxic conditions and HIF 1o enhanced expression of MEG3 in human umbili-
cal endothelial cells (49, 50). Increased YAP activity (11) and hypoxemia may contribute to the increased
expression of MEG3 in IPF epithelial cells (51, 52).

Presently, the observed strong correlation between MEG3 and basal cell-associated genes supports the
concept that MEG3 plays a role in influencing basal cell identity, contributing to the loss of epithelial cell
lineage specification in IPF. The present study demonstrated that expression of MEG3 increased TP63 in
several pulmonary epithelial cell lines. In contrast, MEG3 inhibited TP73, a critical regulator of ciliated
cell fate in primary HBEC cells. Present immunoblotting data demonstrated that MEG3 decreased all 3
ANTP63 splice variants in the HBEC3KT cell, a cell line that actively expresses 7P63 (24). Both TP63 and
TP73 genes have multiple splice variants, with the AN splice forms having alternate start sites. (53—55). We
identified MEG3-binding sites before the transcriptional start sites of both TP63 and TP73 AN splicing vari-
ants in MEG3 ChOP data (14). The presence of MEG3-binding sites and inhibition of ANTP63 by MEG3 in
HBEC3KT cells supports a potential role for MEG3 in transcript-specific regulation of 7P63. Although the
specific functions of TP63 and TP73 splice variants are unclear at the present, both TATP63 and ANTP63
increased basal cell migration and keratin expression in vitro (34, 37, 56, 57). ANTP73 may act as a domi-
nant negative regulator of TATP73, thus inhibiting ciliated cell differentiation (58).
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Figure 6. MEG3 inhibits TP73, HES1, HEY1, and NRARP in primary HBEC cells. MEG3 cDNA was transfected into primary donor human bronchial epithelial
(HBEC) cells (donor identifiers, DDO4N, DD039G, DDO73K, and DDO1IL). RNA was collected 48 hours after transfection. (A) TP73 and the Notch target HEY1
were inhibited by the expression of MEG3 cDNA. (B) Notch targets HEST and NRARP were inhibited by MEG3 transcript 16. Differences in RNA expression

were determined by ANOVA. *P < 0.05; n = 3 wells transfected for each expression construct and n = 4 donors are shown.
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In the present study, we found that MEG3 increased cell migration and regulated EMT-associated genes,
for example, increasing YAPI, STAT3, and SNAI2 and reducing CDH1 (59, 60). ChOP identified MEG3-bind-
ing sites in the promoters of SNAII, SNAI2, and CDHI, indicating potential direct epigenetic regulation of
EMT-associated genes by MEG3, supporting previous studies demonstrating that MEG3 regulates EMT genes
in lung cancer (61). In IPF lungs, a partial EMT phenotype is observed, wherein epithelial cells acquire mes-
enchymal features and epithelial-mesenchymal crosstalk is enhanced (62-64). EMT, the biological process
in which polarized epithelial cells transition into motile fibroblast-like cells, is active during normal devel-
opment, lung repair, organ fibrosis, and in the initiation of metastasis (65-67). Loss of CDH1 and increased
cell migration are fundamental events in EMT (59). Recent single-cell sequencing suggested the activation
of an EMT gene network in IPF that likely contributes to the pathogenesis of the disease (5). Increased cell
migration and transcriptional changes of EMT-associated genes following MEGJ3 expression support a role
for MEG3 in enhancing EMT, which may contribute to the pathogenesis of IPF.

Herein, we demonstrate that MEG3 is likely connected with a gene network regulating epithelial cell gene
expression, migration, and EMT. Long noncoding RNAs like MEG3 regulate both transcriptional and trans-
lational activity (16, 17, 20). MEG3 forms an RNA-DNA triplex and alters chromatin methylation and gene
expression by recruiting EZH2 in lung cancer (61). ChOP-sequencing analysis revealed putative MEG3-bind-
ing sites throughout the genome of BT-549 cells (14). The abundance of MEG3-binding sites identified in
BT-549 cells by ChOP indicates that MEG3 likely plays context-dependent, pleiotropic roles in regulating gene
expression. Previously defined roles for MEGS3 in chromatin methylation, regulating both active H3K4mel
and inactivation H3K27me3 marks, may influence expression of genes associated with the basal cell identity
in IPF (14). Previous analysis of IPF epithelial cells demonstrated activation of several signaling pathways,
including YAP, TGF-p, mTOR/Pi3K/AKT, and WNT/polarity (5, 11). MEGJ increases TGF-f signaling by
increasing TGF-} target gene expression through recruitment of EZH2 (14, 61) and activates mTOR/Pi3K/
AKT through inhibition of PTEN and B-catenin in cancer (13, 15). We demonstrated that MEG3 increased
YAPI and AXL mRNAs in H441 and BEAS2B pulmonary adenocarcinoma cells, consistent with our recent
findings that YAP signaling is increased in IPF epithelial cells (11).

In summary, we identified 21 altered LncRNAs in IPF epithelial cells. MEG3 was highly expressed in
subsets of IPF epithelial cells. ChOP analysis identified predicted MEG3-binding sites in the promoters of
genes associated with a network regulating basal cell differentiation. MEG3 RNA was correlated with basal
cell-associated genes (for example, TP63, SOX2, STAT3, and KRT14) and induced EMT/ cell migration—relat-
ed genes (i.e., SNAIZ and YAPI), all of which are predicted to interact in a network activated in IPF epithelial

10.1172/jci.insight.122490 10
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cells. Although varying among epithelial cell types studied, expression of MEG3 in vitro regulated TP63
splicing and directly activated 7P63, STAT3, AXL, and EMT-associated genes SNA2, CDHI, and YAPI. These
findings are consistent with the activation of an atypical airway-associated gene expression pattern in the
peripheral lung of patients with IPF. Taken together, the present findings support a role for MEG3 in the regu-
lation of a gene network modulating pulmonary epithelial cell identity and differentiation in IPF.

Methods

IPF and normal lung tissue. Deidentified IPF patient explant tissue was provided through the Massachusetts
General Hospital Transplant Biorepository. Samples were selected based on clinical diagnosis of IPF accord-
ing to guidelines set by the American Thoracic Society, with usual interstitial pneumonia confirmed after
examining the pathology of explants, with no other underlying cause identified. Deidentified healthy non-
smoking donor samples were collected from resected lungs rejected for transplant and were provided by Scott
Randell, University of North Carolina at Chapel Hill, Chapel Hill, North Carolina, USA, in accordance
with the CFF Tissue Procurement and Cell Culture Core (CFF BOUCHE15R0). Primary HBECs were also
acquired from Scott Randell in accordance with the NIH CFRTCC Cell Models Core (NTH P30DK065988).

Single-cell RNA-seq data generation. Single-cell RNA-seq data from human IPF and normal lung epithe-
lial cells were analyzed using SINCERA analytic pipeline as described previously (5, 69). Both raw data
sets (GEO GSE86618) and interpreted data are freely available at the LGEA web portal (https://research.
cchmc.org/pbge/lunggens/mainportal.html).

LncRNA screen of single-cell data. The LncRNA screen was performed by generating a gene matrix com-
prised of all 540 single cells and their corresponding gene expressions. A standard Student’s ¢ test was
performed comparing each of the 3 IPF cell clusters to the normal AT2 cell cluster. For each comparison,
genes with a P < 0.001, a fold change >2, and an average TPM >1 were considered differentially expressed.
Genes that were differentially expressed in all 3 comparisons and had fold changes in the same direction
were deemed as differentially expressed in IPF abnormal cell types, resulting in 726 genes that passed our
criteria for differential expression. Classification of the differentially expressed genes found the majority
(625 genes) were protein coding, and 23 were classified as LncRNA based on gene annotation from Ingenu-
ity Pathway Analysis suites (IPA). The LncRNAs identified were further assessed by ANOVA, followed by
the Holm-Bonferroni post hoc test, resulting in 21 differentially expressed LncRNAs in IPF epithelial cells.

insight.jci.org  https://doi.org/10.1172/jci.insight.122430 11
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Bioinformatics analyses. IPA suite’s Path Designer and Genomatix were used to create predictive models
and networks. Samtools and Integrative Genomics Viewer (Broad Institute) were used to create indexed bam
files and exon coverage plots from CD326* sorted single-cell sequence data. Exon coverage plots were shown
on a log scale. Genomatix’s MatInspector was used for promoter analysis. Correlation patterns were calcu-
lated in R using the correlation function, specifying Spearman correlation on both AT2-sorted bulk RNA
and CD326" sorted single-cell RNA using cells that expressed MEG3 TPM >1 to reduce background noise.
Genes were then ranked according to their correlation values. MEG3 promoter-binding sites were found by
reanalyzing publicly available MEG3 ChOP data (14). MEG3’s ChOP Bam file was converted to a Bed file
using Bedtools. The resulting Bed file was analyzed using Homer’s find peaks function followed by Homer’s
annotate peaks function (69). Peaks in annotated promoter regions were prioritized and were compared with
differentially expressed genes in IPF to identify potential direct targets of MEG3 (Supplemental Figure 2B).

Multiplex fluorescent in situ hybridization (PLISH). IPF and normal donor lung tissues were fixed in 4%
paraformaldehyde/1x PBS overnight, dehydrated in graded ethanol washes, and then embedded in par-
affin. Paraffin-embedded IPF and donor tissue samples were sectioned at 5 pm and were pretreated with
10 mM citrate buffer (pH 6.0) for antigen retrieval. PLISH was performed as previously reported (11, 22,
23). In short, the protocol was performed as follows: labeled hybridization probes (Supplemental Table
3) were incubated at concentrations of 100 nM each in hybridization buffer (1 M sodium trichloroacetate
[NaTCA], 5 mM EDTA, 50 mM Tris [pH 7.4], 0.2 mg/ml heparin in DEPC water) for 2 hours at 37°C
and 100% humidity. Sections were incubated with T4 ligase buffer (NEB, catalog M0202) and phosphor-
ylated common bridge and connector circle oligos at 10 nM for 60 minutes. Subsequent incubations were
performed with ligase buffer and T4 ligase for 2 hours under the same conditions. DNA amplification was
accomplished using Phi-29 polymerase (Lucigen-30221) in polymerase buffer using the same conditions
overnight. After the reaction was complete, slides were washed with label buffer (2x SCC/20% formamide
in DEPC water) and incubated with 100 nM Tye705 label probe in label probe buffer for 1 hour using the
same conditions. Immunofluorescent costaining and images were obtained by confocal microscopy (Nikon
A1R LUN-V inverted microscope) and analyzed. Negative controls included secondary antibody alone
and reactions performed with identically labeled probes for the bacteria Bacillus subtilis gene mgsA. Target
probes were ordered with standard desalting. Fluorophore-conjugated label probes, connecting circles, and
the common bridge were HPLC purified, and stored as 100 uM stocks (IDT Inc.).

Immunofluorescence imaging. Immunofluorescence confocal microscopy was performed following PLISH.
Samples were blocked in 4% normal donkey serum in PBS, 0.1% Triton-X (PBST), 5 mM EDTA for 1 hour
at room temperature. Slides were incubated in primary antibodies (Supplemental Table 4) diluted in blocking
buffer for 24-48 hours at 4°C. Samples were washed in PBST (3 times). Secondary antibody (1:200) and DAPI
(1mg/ml) were added for 2 hours at room temperature. Samples were washed in PBST (3 times for 5 minutes
each) and rinsed in phosphate buffer, and cover slips were mounted with Prolong Gold (Thermo Fisher Scien-
tific). Images were captured on an inverted Nikon A1R confocal microscope (%20 or x60 magnification). Maxi-
mum intensity projections of Z-stack images were generated using NIS-Elements software (Nikon).

Cell culture and transfection. HBEC3KT (a gift from J.D. Minna, University of Texas Southwestern Medical
Center, Dallas, Texas, USA) cells were grown in keratinocyte serum-free growth media, and BEAS2B (ATCC)
and H441 cells were cultured in RPMI media (Thermo Fisher Scientific). Two different partial MEG3 expres-
sion plasmids were used for transfection. The conserved MEG3 plasmid encoding the conserved 5’ region and
another encoding the 3’ region specific to T16 were used. Both constructs contained a proposed EZH2-bind-
ing site (14). Cells were transfected with 1 pg of either the conserved region of MEG3 (pCI-MEG3) (Addgene,
catalog 44727), pCI empty vector, MEG3 T16 (pCMV6-XL5-MEG3) (OriGene, catalog SC116343), or empty
pCMV6-XL vector with 4 pl/ml FuGene HD transfection reagent (Promega, catalog E2311) in cell culture
media. Samples were collected 48 hours after transfection. All cell lines were transfected in 3 independent
experiments. For RNA analysis, 34 wells were used per transfection and 2 wells were used per transfection
for protein analysis. Primary HBECs, provided by Dr. Scott Randell, were cultured as previously described on
collagen-coated plates (27). Passage-2 cells were transfected with 0.5 pg or 1 ug of the above MEG3 or empty
vector plasmids by electroporation using the Neon system (Thermo Fisher Scientific). Transfections were
done in 24-well plates, in triplicate, and were harvested for RNA analysis 48 hours after transfection.

TagMan qRT-PCR RNA analysis. Patient lung tissue epithelial cells were isolated using CD326" mag-
netic beads (Miltenyi Biotec, catalog 130-061-101). RNA from sorted cells or cell culture experiments was
extracted using the RNeasy Micro kit (Qiagen) with on-column DNase I treatment, and cDNA was syn-

insight.jci.org  https://doi.org/10.1172/jci.insight.122430 12



. RESEARCH ARTICLE

thesized using 500-1,000 ng RNA input using the iScript cDNA synthesis kit (Bio-Rad). TagMan qPCR
was performed using a StepOne Plus Real-Time PCR system (ABI 7500) utilizing TagMan gene expression
assays (Supplemental Table 5) (Thermo Fisher Scientific). All samples were assayed in duplicate for each
target gene, target genes were normalized to 18s values of corresponding samples, and relative expression
was assessed using AACT quantification method.

Western blot analysis. Cells were lysed in RIPA buffer (Thermo) containing phosphatase and protease inhibi-
tors (Roche). Protein concentration was determined using DirectDetect (Millipore) infrared system. For Western
blots, 10%—20% tris/glycine gels (Invitrogen) were used to separate proteins and 25 pg protein was loaded per
sample. Protein was transferred using the iBlot system (Invitrogen) onto a PVDF membrane. Membranes were
blocked using 5% BSA diluted in TBS + 0.1% Tween (TBST) for 1 hour. Primary antibodies (Supplemental
Table 5) were diluted in 0.5% BSA in TBST and incubated at 4°C degrees over-night. Membranes were washed
3 times for 10 minutes in TBST at room temperature, and corresponding HRP-conjugated secondary antibody
was added for 1 hour. Membranes were washed 3 times for 10 minutes in TBST. Chemiluminescence was
detected using Illuminata Crescendo or Classico HRP substrates (Millipore), and the membranes were digitally
imaged on a Chemidoc Touch imager (Bio-Rad). Detected bands were assessed for correct target protein molec-
ular weight and quantified using Imagelab software (Bio-Rad) and normalized to B-actin.

Cell migration and proliferation analyses. For cell migration assays, cells were grown to 100% confluence follow-
ing transfection with MEG3 expression constructs. The confluent monolayer was scratched using a p20 pipette
tip. Cells were imaged on a SpectraX wide-field microscope for 16 hours with image acquisition every 10 min-
utes. Cell migration speed was determined using Imaris cell-tracking software. To determine average cell speed,
n > 10,000 cells were tracked for each treatment. For proliferation analysis, transfected cells were seeded on
12-well plates at a density of 20,000 cells/well. Cells were counted 48 hours later to assess proliferation.

Statistics. For qRT-PCR, proliferation, and migration assays, ANOVA followed by a Tukey post hoc test
was used to determine significance between pCI empty vector and pCI MEG3 conserved or pPCMV empty
vector and pCMV MEG3 T16, as determined by P < 0.05. In each analysis, pCI and pCMV empty vec-
tors were not significantly different. For statistical purposes, data from control empty vectors were pooled
together. Error bars indicate mean + SEM values. Student’s ¢ tests were 2-tailed.

Study approval. Deidentified IPF patient explant tissue was provided through the Massachusetts Gener-
al Hospital Transplant Biorepository. The protocol was reviewed and approved by the Partners Institutional
Review Board, Boston, Massachusetts, USA, and informed consent was obtained from each subject in
accordance with the Partners Institutional Review Board (2013P002332). Deidentified healthy nonsmok-
ing donor lungs were acquired from Scott Randell, University of North Carolina at Chapel Hill, in accor-
dance with the CFF Tissue Procurement and Cell Culture Core (CFF BOUCHE15R0). The Cincinnati
Children’s Hospital Medical Center Institutional Review Board declared that donor tissue samples were
Institutional Review exempt, in accordance with protocol 2013-3356.
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