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We studied the changes in expression of microRNAs (miRNAs or miRs)
and mRNA in normal human bronchial epithelial cells as they differ-
entiate from an undifferentiated monolayer to a differentiated pseu-
dostratified epithelium after 28 days of air-liquid interface (ALI)
culture. After 28 days in AL, the epithelial cells differentially expressed
basal, ciliated, and goblet cell markers. Using Affymetrix microarrays,
20 human miRNAs were found to be up-regulated, whereas 35 miRNAs
were found to be down-regulated in differentiated cells compared
with undifferentiated cells. An analysis of changes in global mRNA ex-
pression revealed that 1,201 probe sets demonstrated an 8-fold
change (FC) or greater at Day 28 of ALI culture. Of these, 816 were
up-regulated and 385 were down-regulated. With differentiation,
miR-449a increased (FC, 38.15), and was related to changes in mRNA
for cell division cycle 25 homolog A (FC, 0.11). MiR-455 decreased (FC,
0.12) and was related to changes in mRNA for the epithelial cell
marker, mucin 1 (FC, 136). Transfection with anti-miR-449 or miR-
455-3p resulted in changes in target protein expression (cell division
cycle 25 homolog A and mucin 1, respectively), whereas transfection
with reporter genes with 3'-untranslated regions of these targets con-
firmed control of expression through that structure. Therefore, changes
in specific miRNAs during human airway epithelial cell differentiation
control gene and protein expression important for differentiation.

Keywords: airways epithelium; differentiation; microarrays; mucin 1;
cell division cycle homolog A

The human airway epithelium is a pseudostratified columnar
epithelium containing basal, mucus-secreting (goblet), cili-
ated, and nonciliated cells. Under normal physiological condi-
tions, the respiratory epithelium is covered by a mucus layer,
the main role of which is to cover and protect the respiratory
tract by trapping pathogens and irritant substances and to fa-
cilitate their removal by mucociliary clearance. In addition,
the airway mucosa, through its epithelium, serves other func-
tions, such as a physical barrier, transport, secretion, and mod-
ulation of inflammation (1). Defects in any of these functions
are associated with a wide range of respiratory disorders, such
as cystic fibrosis (2), asthma (3), and chronic obstructive pul-
monary disease (4). For this reason, it is crucial to understand
the molecular mechanisms regulating the mucociliary dif-
ferentiation process and the role that it plays in mucosal
function.
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CLINICAL RELEVANCE

The study presents data on changes in microRNA and
mRNA as human bronchial epithelial cells differentiate.

Normal human bronchial epithelial (NHBE) cells cultured in
an air-liquid interface (ALI) system form a polarized, pseudos-
tratified epithelium composed of basal, ciliated, and goblet cells
that closely resembles the in vivo airway epithelium (5). In
addition to structural similarities, two recent publications have
found a good correlation of global gene expression profiling
between NHBE cells grown in an ALI and NHBE obtained
from bronchial brushings (6, 7). Thus, ALI cultures of NHBE
cells provide a unique in vitro system to investigate airway ep-
ithelial biology, including developmental, structural, and phys-
iologic aspects. The ALI culture system has been used to study
many aspects of epithelial biology, such as innate immune de-
fense and injury and repair (8-14).

MicroRNAs (miRNAs or miRs) are short, single-stranded,
noncoding RNAs of 20 to 23 nucleotides that down-regulate
gene expression by either inducing degradation of target
mRNAs or impairing their translation (15). They are phyloge-
netically well conserved, which implies an important role of
miRNAs in biological processes. They are thought to regulate
more than 30% of all protein-coding genes (16), and have been
found to be involved in the regulation of development (17),
proliferation (18), differentiation (19), apoptosis (20), and the
immune response (21).

Several studies have dealt with the regulatory role of miRNA
in the differentiation process of adipocytes (22), cardiac (23),
neural (24), and hematopoietic (19) cell lineages. In addition,
some miRNAs have been recently shown to regulate genes
involved in epithelial cell differentiation. In this regard, miR-
338-3p and miR-451 contribute to the formation of basolat-
eral polarity in intestinal epithelial cells (25), and the miR-17
family controls FGF-10-mediated embryonic lung epithelial
branching morphogenesis (26), whereas miR-7 modulates CD98
expression during intestinal epithelial cell differentiation (27).
However, miRNA-specific roles and the relationship with their
mRNA targets during airway epithelium differentiation are still
not well defined.

The use of miRNA microarrays makes it possible to perform
profiling studies that evaluate differences between healthy and
pathologic tissues, treated and untreated samples, and undiffer-
entiated and differentiated cells. Moreover, this systematic
screening approach provides us with a starting point for the iden-
tification of new miRNA functions. In the present study, NHBE
cells grown in an ALI culture system were globally screened us-
ing both miRNA and gene expression microarrays to identify
miRNAs involved in the regulation of genes that are important
for mucociliary differentiation in human airway epithelium.
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MATERIALS AND METHODS

Cell Culture

Primary NHBE cells were obtained from Lonza (Walkersville, MD) and
cultured in an ALI following the manufacturer’s recommendations.
Cells were harvested for total RNA extraction when they were sub-
confluent or confluent, and after 14 or 28 days of ALI culture. A549
cells were obtained from ATCC (Manassas, VA) and cultured in Ham’s
F12 media with glutamine and 10% FCS (Invitrogen, Carlsbad, CA).

See the MATERIALS AND METHODS section in the online supplement
for additional information on cells, microscopy, miRNA and gene
arrays, real-time PCR, lentiviral transduction of NHBE cells, 3'-
untranslated region (UTR) luciferase reporter assays, Western blot,
and statistical analysis.

RESULTS
Morphology

To show the morphology and cellular composition of our NHBE
undifferentiated and differentiated model, hematoxylin and eo-
sin staining and immunofluorescence for specific cell markers
were performed in confluent and Day-28 ALI cells. Undifferen-
tiated confluent cells (Figures 1A-1D) and Day-28 ALI differ-
entiated NHBE cells (Figures 1E-1H) were stained with a basal
cell marker (anti-cytokeratin 5), a ciliated cell marker (anti—
B-tubulin), and a goblet cell marker (Jacalin). Surprisingly, un-
differentiated basal cells in monolayer apparently coexpressed
all these markers at a certain level, partially colocalizing in the

cell cytoplasm (Figure 1D). Differentiated pseudostratified co-
lumnar epithelium after 28 days of ALI culture demonstrated
differential expression for the mentioned markers within the
columnar epithelial cells (Figures 1E-1H), indicating that the
three main cell types that compose differentiated NHBE were
present in our model. Hematoxylin and eosin staining showed
similar cellular composition and distribution among the three
donor samples (Figures 1I-1K). A differential interference con-
trast image shows cilia in the apical part of the differentiated
epithelium, as well as secretory granules in mucous-secreting
cells (Figure 1L).

Global miRNA Expression Profiling of Differentiating
NHBE Cells

To identify miRNAs involved in the process of epithelial cell
proliferation and differentiation, an miRNA expression profile
analysis of cultured NHBE cells was performed using the Affy-
metrix GeneChip miRNA array (Santa Clara, CA). NHBE cells
were cultured and harvested at three different time points: sub-
confluent (cells dispersed on the insert under submerged condi-
tions), confluent (cells forming a monolayer of undifferentiated
cells covering the surface of the insert), and at Day 28 of ALI
culture (cells were differentiated and had formed a polarized,
pseudostratified mucociliary epithelium that resembles the in
vivo airway epithelium structure).

To visualize the consistency between replicates and global
changes within/between the studied groups, a principal components

Figure 1. Confocal images of confluent and fully differentiated normal bronchial epithelial cells. Top row shows the confluent monolayer on its
membrane labeled as follows: (A) ciliated cell (CC) marker, anti-B-tubulin (red); (B) basal cell (BC) marker, anti-cytokeratin 5 (green); (C) goblet cell
(GC) marker, lectin jacalin (cyan); (D) fluorescence merge with above three markers along with DRAQS5 nuclear marker (blue). The central row (E-H)
shows Day 28 air-liquid interface (ALI) fully differentiated, pseudostratified epithelium on its membrane labeled as above for the confluent monolayer.
The bottom row includes (I-K) hematoxylin and eosin—stained sections of the differentiated pseudostratified epithelium on its membrane for each of the
three donors studied (original magnification X1,000) and (L) a max projection of a differential interference contrast stack composed of a slice where
the cilia are in focus and a slice with intracellular goblet cell mucins in focus imaged at the same physical slide location as in (E~H). All confocal images
were taken at 630X magnification at a zoom of 2.3X and are maximum projections of z stacks unless otherwise noted. (scale bars, 10 um).
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analysis (PCA) of the Robust Multichip Analysis (RMA )-summa-
rized probe sets was performed. This revealed a strong separation
between all three groups, and good homogeneity within each group
(Figure 2A). PCA of the data also showed that the primary deter-
minant of differences was due to the differentiation state of the cells
(i.e., undifferentiated [subconfluent and confluent] versus differen-
tiated [Day-28 ALI] cells). Normalized data were further compared
as described in the MATERIALS AND METHODS section, and differen-
tially expressed miRNAs were selected by a false discovery rate less
than 0.05 and 2-fold change (FC) for each comparison. A total of 74
and 55 human miRNAs were found differentially expressed be-
tween subconfluent and Day-28 ALI, and confluent and Day-
28 ALI cells, respectively (Figure 2C). A total of 80% of the
differentially expressed miRNAs in confluent compared with
Day-28 ALI cells were also differentially expressed in subcon-
fluent compared with Day-28 ALI cells. We did not find any
miRNAs that were differentially expressed using these criteria
between subconfluent and confluent cells. Therefore, for subse-
quent analyses, we focused on the differences between confluent
(undifferentiated) and Day-28 ALI (differentiated) cells. The
resulting miRNA list for this comparison is shown in Figure 3,
together with the heat map showing the FCs in shades of green
(decreased expression) and red (increased).

To understand the biological processes occurring during the dif-
ferentiation of NHBE cells that might be regulated by our list of
miRNAs, we performed a broad miRNA classification analysis us-
ing the Tool for Annotations of MicroRNAs (TAM) (28). Among
miRNAs identified as up-regulated or down-regulated, there is
a group involved in the regulation of cell cycle and cell prolifer-
ation (up: miR-200b, miR-200c, miR-449a, miR-449b, miR-34a,
miR-34¢, and miR-92b; down: miR-20a, miR-15b, miR-16, miR-
125b, miR-17, miR-138, miR-27a, miR-18a, miR-205, miR-92a,
miR-155, and miR-222). In the down-regulated group, we found
two miRNA clusters highly represented: cluster 17-92 (miR-17,
miR-18a, miR-20a, and miR-92a-1) and cluster 106a-363 (miR-
106a, miR-20b, and miR-92a-2), primarily considered as onco-
mirs. Some of these clustered miRNAs, together with other
down-regulated miRNAs, including miR-15b, miR-125b, miR-
27a, miR-155, miR-30c, and miR-222, have been reported to
be involved in human embryonic stem cell regulation.

Global Gene Expression Profiling of Differentiating
NHBE Cells

To identify genes involved in epithelial cell proliferative and
differentiation processes, a transcriptional analysis of cultured
NHBE cells was performed using the Affymetrix Human Ge-
nome U133 Plus 2.0 array, which represents more than 47,000

transcripts. For gene expression profile analysis, the same time
points (subconfluent, confluent, and Day-28 ALI cells) were an-
alyzed using the RMA summarization algorithm. To visualize
the consistency between replicates and global changes within/
between the studied groups, a PCA of the RMA-summarized
probe sets was performed, which revealed a strong separation
between all three groups and good homogeneity within each
group (Figure 2B). PCA of the data also showed that the pri-
mary determinant of differences was due to differentiation.
Totals of 1,370 and 1,201 probe sets were found to be differen-
tially expressed between subconfluent and Day-28 ALI, and
confluent and Day-28 ALI cells, respectively. Only six probe
sets were found to differ between subconfluent and confluent
cells (Figure 2D). Therefore, for subsequent analysis, we fo-
cused on the differences between confluent (undifferentiated)
and Day-28 ALI (differentiated) cells. From the 1,201 probe
sets showing differences between confluent and Day-28 ALI
cells, 816 were up-regulated and 385 down-regulated in Day-28
ALI cells compared with confluent cells. The number of genes
that had a known function or cellular localization and thus could
be annotated were 607 and 260, found to be up-regulated and
down-regulated, respectively, in Day-28 ALI cells compared with
confluent cells.

To understand the biological processes occurring during dif-
ferentiation of NHBE cells, we performed a broad gene classi-
fication analysis. Classified genes presenting the highest changes
are listed in Tables 1-3 and Tables E1-E7 in the online supple-
ment, and include genes encoding for cytokines and secreted
proteins (Table 1 and Table E1), cell surface and membrane-
bound proteins (Table 1 and Table E2), cytoskeleton proteins
(Table 2 and Table E3), signal transduction proteins (Table 2 and
Table E4), transcriptional regulation and nucleotide-binding
proteins (Table 2 and Table ES5), cell cycle and apoptotic pro-
teins (Table 3 and Table E6), and metabolic pathway proteins
(Table 3 and Table E7).

During the differentiation process of NHBE cells, 38 genes
coding for cytokines and secreted proteins and 124 genes coding
for cell surface and membrane-bound proteins were found in-
creased in differentiated compared with undifferentiated cells
(Table 1 and Table E1). These include secretoglobin family
members (SCGB1Al, -2A1, -3A1), chemokine ligands (CXCL6,
-17, CX3CL1), and IL-19. Mucins (mucin [MUC] 1, MUC4,
MUCI15, MUC20), major histocompatibility complex molecules
(HLA-DRA, -DQAL, -DPA1, -DRB1), and solute carrier family
members (SCL6A14, -46A3, -15A2) were among the membrane-
bound category. Cytoskeleton proteins induced by differentiation
included several members of the dynein, tubulin, and keratin fam-
ilies (Table 2 and Table E3). A total of 59 genes involved in signal
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transduction were increased in differentiated compared with
undifferentiated cells, including several members of G protein—
coupled receptors (GPR98, -C5B, -160) and signaling kinases
(MAP3KS, STK33, CAMKI1B, ERBB4) (Table 2 and Table
E4). Tables 2-3 and Tables E5-E6 present the effect of differ-
entiation on genes involved in transcriptional regulation (ELF3,
SMADY, MYB, SOX2), cell cycle, and apoptosis (cell division
cycle [CDC] homolog 20B, DAPL1, CCNA1, CDKN28). Finally,
differentiation induced the expression of 116 genes that have
roles in cellular metabolism (Table 3 and Table E7). These include
genes involved in redox (ALDH1A1, ADH7, CYP2B6, -7P1)

and carbohydrate (MDH1B, PDK4, CHST9, GCNT3) metabo-
lism, as well as many others. By contrast, the list of genes found
to be down-regulated in differentiated compared with undiffer-
entiated cells was shorter. Only 24 genes coding for cytokines
and secreted proteins, such as IL-1a and IL-1p3, collagen mole-
cules, and laminins, were part of the list of down-regulated
genes (Table 1 and Table E1). Cytoskeleton family members,
such as vimentins and kinesins, were also found down-regulated
in differentiated compared with undifferentiated cells (Table 2
and Table E3). Finally, signal transduction (DUSP6, DUSP7)
as well as cell cycle and apoptosis (CDC6, CDC7, CDC25A,
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TABLE 1. GENES PRESENTING CHANGES IN DIFFERENTIATED (DAY28) COMPARED TO UNDIFFERENTIATED CELLS (CONFLUENT)

Entrez ID Name Symbol Fold Change

Cytokines and secreted proteins (38 up; 24 down)
155,465 Anterior gradient homolog 3 AGR3 1,016.45
6,779 Statherin STATH 807.65
92,304 secretoglobin, family 3A, member 1 SCGB3A1 554.89
6,947 Transcobalamin | TCN1 488.85
12 Serpin peptidase inhibitor, clade A, member 3 SERPINA3 272.41
629 Complement component 2/complement factor B C2/CFB 227.69
7,356 Secretoglobin, family 1A, member 1 SCGB1A1 149.85
4,246 Secretoglobin, family 2A, member 1 SCGB2A1 129.96
3,553 Interleukin-18 IL1B 0.03
3,956 Lectin, galactoside-binding, soluble, 1 LGALS1 0.03
5,270 Serpin peptidase inhibitor, clade E, member 2 SERPINE2 0.02
4,312 Matrix metallopeptidase 1 MMP1 0.02
3,552 Interleukin-1a ILTA 0.01

Cell surface and membrane-bound proteins
(124 up; 52 down)
4,477 Microseminoprotein, 8 MSMB 1,297.43
51,297 Palate, lung and nasal epithelium associated PLUNC 1,088.5
132,203 Sentan, cilia apical structure protein SNTN 693.51
4,974 Oligodendrocyte myelin glycoprotein OMG 591.53
3,122 Major histocompatibility complex, class Il, DR « HLA-DRA 457.83
8,842 Prominin 1 PROM1 269.67
1,356 Ceruloplasmin CcP 235.67
2,568 y-aminobutyric acid A receptor, pi GABRP 229.23
79,838 Transmembrane channel-like 5 TMCS5 207.06
94,122 Synaptotagmin-like 5 SYTL5 196.88
148,808 Major facilitator superfamily domain containing 4 MFSD4 177.54
4,585 Mucin 4 MUC4 146.23
4,582 Mucin 1 MUC1 136.21
79,679 V-set domain containing T cell activation inhibitor 1 VTCN1 127.38
9,073 Claudin 8 CLDN8 117.10
143,662 Mucin 15, cell surface associated MUC15 100.42
8,000 Prostate stem cell antigen PSCA 89.97
200,958 Mucin 20, cell surface associated MUC20 82.53
3,117 Major histocompatibility complex, class I, DQ « 1 HLA-DQAT 80.42
284,013 Vitelline membrane outer layer 1 homolog VMO1 63.60
10,537 y-aminobutyric acid (GABA) B receptor, 1/ubiquitin D GABBR1/ UBD 62.32
100,294,224 Major histocompatibility complex, class I, DQ o 1/ 2 HLA-DQA1/ A2 60.64
94,025 Mmucin 16, cell surface associated MuUC16 60.29
64,446 Dynein, axonemal, intermediate chain 2 DNAI2 59.29
3,909 Laminin, o 3 LAMA3 0.05
22,943 Dickkopf homolog 1 DKK1 0.05
5,010 Claudin 11 CLDN11 0.04
51,309 Armadillo repeat containing, X-linked 1 ARMCX1 0.04
8,140 Solute carrier family 7, member 5 SLC7A5 0.04
2,069 Epiregulin EREG 0.04
4,162 Melanoma cell adhesion molecule MCAM 0.03
10,544 Protein C receptor, endothelial PROCR 0.03
1,009 Cadherin 11, type 2, OB-cadherin CDH11 0.02
9,638 Fasciculation and elongation protein zeta 1 FEZ1 0.02
8,406 Sushi-repeat-containing protein, X-linked SRPX 0.02
347,902 Adhesion molecule with Ig-like domain 2 AMIGO2 0.01

Definition of abbreviation: OB, osteoblast.

CCDNA2, CCDND2, CHEK1) regulatory genes were also di-
minished in the differentiated cells (Tables 2-3 and Tables E4—
E6). A list of 192 genes of unclassified function is also included in
the online supplement (Table ES8).

In addition, we performed an unsupervised hierarchical cluster-
ing of the genes differentially expressed between undifferentiated
and differentiated NHBE cells, and selected four main clusters,
which represented groups of genes showing similar changes. Two
of them presented genes up-regulated in differentiated compared
with undifferentiated cells, and the other two consisted of genes
down-regulated in differentiated cells. The four-cluster gene lists
were interrogated for enrichment of known biological labels using
the functional annotation clustering analysis by DAVID (http:/
david.abcce.nciferf.gov). The heat maps and the list of biological
categories found enriched in the four main clusters selected are

shown in Figure E1. Briefly: cluster A was primarily enriched
in cilium biogenesis and degradation terms, as well as in extra-
cellular matrix components; cluster B was enriched in categories
related to extracellular region/signaling components, immune
response, and oxidation/reduction processes; cluster C was en-
riched in mitotic cell cycle, spindle organization and localization,
and cytoskeleton-related categories; cluster was enriched in
D microtubule cystoskeleton, cell cycle, extracellular region/
signaling, and DNA replication terms. The complete list of genes
comprising these four clusters is presented in Table E9.

Confirmatory Experiments

To verify and validate data obtained from microarray studies,
two additional techniques were used: real-time PCR (mRNA
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TABLE 2. GENES PRESENTING CHANGES IN DIFFERENTIATED (DAY28) COMPARED TO UNDIFFERENTIATED CELLS (CONFLUENT)
Entrez ID Name Symbol Fold Change
Cytoskeleton proteins (39 up; 23 down)
83,657 Dynein, light chain, roadblock-type 2 DYNLRB2 255.01
5,304 Prolactin-induced protein PIP 185.46
9,576 Sperm associated antigen 6 SPAG6 183.52
10,568 Solute carrier family 34, member 2 SLC34A2 132.94
51,673 Tubulin polymerization-promoting protein family member 3 TPPP3 88.27
7,802 Dynein, axonemal, light intermediate chain 1 DNALI1 84.30
221,421 Radial spoke head 9 homolog RSPH9 73.99
28,234 Solute carrier organic anion transporter family, member 1B3 SLCO1B3 70.64
9,055 Protein regulator of cytokinesis 1 PRC1 0.07
9,928 Kinesin family member 14 KIF14 0.06
800 Caldesmon 1 CALD1 0.06
81,624 Diaphanous homolog 3 DIAPH3 0.06
7,431 Vimentin VIM 0.05
6,624 Fascin homolog 1, actin-bindling protein FSCN1 0.05
Signal transduction proteins (59 up; 23 down)
133,690 Calcyphosine-like CAPSL 377.28
158,798 A kinase anchor protein 14 AKAP14 351.61
5,918 Retinoic acid receptor responder 1 RARRES1 265.90
83,853 Ropporin 1-like ROPN1L 184.74
58,528 Ras-related GTP binding D RRAGD 132.70
479 ATPase, H/K* transporting, nongastric, a polypeptide ATP12A 132.39
151,651 EF-hand domain family, member B EFHB 112.91
128,153 Spermatogenesis associated 17 SPATA17 92.40
57,460 Protein phosphatase 1H PPM1TH 73.98
828 Calcyphosine CAPS 68.21
122,481 Adenylate kinase 7 AK7 65.49
64,798 DEP domain containing 6 DEPDC6 60.38
80,258 EF-hand domain containing 2 EFHC2 56.78
2,869 G protein—coupled receptor kinase 5 GRK5 0.05
9,590 A kinase anchor protein 12 AKAP12 0.05
5,880 ras-related C3 botulinum toxin substrate 2 RAC2 0.05
55,789 DEP domain containing 1B DEPDC1B 0.05
558 AXL receptor tyrosine kinase AXL 0.04
79,801 SHC SH2-domain binding protein 1 SHCBP1 0.03
Transcriptional regulation and nucleotide-binding
proteins (41 up; 31 down)
5,284 Polymeric immunoglobulin receptor PIGR 1588.15
27,324 TOX high mobility group box family member 3 TOX3 165.93
5,450 POU class 2 associating factor 1 POU2AF1 52.92
6,035 RNase, RNase A family, 1 RNASE1 47.30
10,891 Peroxisome proliferator-activated receptor v, coactivator 1 « PPARGC1A 43.22
1,999 E74-like factor 3 ELF3 41.83
4,306 Nuclear receptor subfamily 3, group C, member 2 NR3C2 39.64
4,093 SMAD family member 9 SMAD9 36.15
161,582 Dyslexia susceptibility 1 candidate 1 DYX1C1 27.44
8,061 FOS-like antigen 1 FOSL1 0.05
4,603 v-myb myeloblastosis viral oncogene homolog like 1 MYBL1 0.05
89,795 Neuron navigator 3 NAV3 0.05
4,907 5’-nucleotidase, ecto NTS5E 0.04
79,413 Zinc finger, BED-type containing 2 ZBED2 0.02
10,468 Follistatin FST 0.02

and miRNA expression) and Western blot analysis (protein
expression). Real-time PCR quantification was performed
for four miRNAs and five genes found to be up-regulated
or down-regulated during the differentiation progress of
NHBE cells. Hsa-miR-23a, hsa-miR-449a, hsa-miR-455-
3p, and hsa-miR-125b were selected for validation by real-
time PCR (Table 4). In addition, the following gene products
were also selected for real-time validation: CDC25A, mucin
1 (MUC1), peroxisome proliferator-activated receptor -y coacti-
vator a (PPARGC1A), IL-1B, and IL6 (Table 4). CDC25A
and MUC1 were also validated by Western blot (Figures
4C and 4D). Changes in mRNA and miRNA by real-time
PCR and protein expression by Western blot appear to be
consistent with the detected changes in mRNA and miRNA
expression by microarray.

Prediction of miR-449a and miR-455-3p Targets

Several miRNAs found to be differentially expressed in differ-
entiated cells (Day-28 ALI) compared with undifferentiated
cells (confluent) were selected for further analysis to identify po-
tential targets for these miRNAs focusing on the genes directly
involved in proliferation or differentiation. Genes considered as
differentiation markers for being exclusively expressed in differ-
entiated ciliated or mucus-secreting cells were also taken into
consideration. On the up-regulated miRNA list, miR-449a has
been reported as a regulator of CDC25A in different biological
models. CDC25A, a protein phosphatase involved in cell cycle
progression (from G1 to the S phase), was greatly decreased
(FC, 0.05) in our differentiated cells. Moreover, MUC1, a mucin
that, in physiologic conditions, is involved in the protection of the
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TABLE 3. GENES PRESENTING CHANGES IN DIFFERENTIATED (DAY28) COMPARED TO UNDIFFERENTIATED CELLS (CONFLUENT)

Entrez ID Name Symbol Fold Change

Cell Cycle, Development and Apoptosis
Proteins (18 up; 55 down)
166,979 Cell division cycle 20 homolog B CDC20B 555.08
89,765 Radial spoke head 1 homolog RSPH1 293.43
58,480 Ras homolog gene family, member U RHOU 96.09
92,196 Death associated protein-like 1 DAPL1 67.44
3,400 Inhibitor of DNA binding 4 ID4 31.84
9,837 GINS complex subunit 1 GINS1 0.06
6,241 Ribonucleotide reductase M2 RRM2 0.06
993 Cell division cycle 25 homolog A CDC25A 0.05
55,165 Centrosomal protein 55 kD CEP55 0.05
1,111 CHK1 checkpoint homolog CHEK1 0.05
51,659 GINS complex subunit 2 GINS2 0.05
22,822 Pleckstrin homology-like domain, family A, member 1 PHLDA1 0.05
51,514 Denticleless homolog DTL 0.05
57,405 SPC25, NDC80 kinetochore complex component, homolog SPC25 0.04
50,486 GO/G1switch 2 G0s2 0.04
83,879 Cell division cycle associated 7 CDCA7 0.04
990 Cell division cycle 6 homolog CDCé6 0.04
29,775 Caspase recruitment domain family, member 10 CARD10 0.03

Metabolism proteins (116 up; 32 down)
1,580 Cytochrome P450, family 4, subfamily B, polypeptide 1 CYP4B1 761.35
2,938 Glutathione S-transferase « 1 GSTA1 285.28
8,424 Butyrobetaine, 2-oxoglutarate dioxygenase 1 BBOX1 208.5
126 Alcohol dehydrogenase 1C, y polypeptide ADH1C 199.83
92,291 Calpain 13 CAPN13 173.79
79,740 Zinc finger, B-box domain containing ZBBX 165.87
10,406 WAP four-disulfide core domain 2 WFDC2 123.76
1,555 Cytochrome P450, family 2, subfamily B, polypeptide 6 CYP2B6 122.73
8,418 Cytidine monophosphate-N-acetylneuraminic acid hydroxylase CMAH 114.47
216 Aldehyde dehydrogenase 1 family, member A1 ALDH1A1 111.65
6,317 Serpin peptidase inhibitor, clade B, member 3 SERPINB3 111.56
1,556 Cytochrome P450, family 2, subfamily B, polypeptide 7 CYP2B7P1 7717

pseudogene 1

130,752 Malate dehydrogenase 1B, NAD MDH1B 71.12
5,166 Pyruvate dehydrogenase kinase, isozyme 4 PDK4 70.83
4,069 Lysozyme LYz 70.69
23,120 ATPase, class V, type 10B ATP10B 69.62
240 Arachidonate 5-lipoxygenase ALOX5 58.78
1,733 Deiodinase, iodothyronine, type | DIO1 57.85
154,865 1Q motif and ubiquitin domain containing IQUB 57.11
9,245 Glucosaminyl (N-acetyl) transferase 3, mucin type GCNT3 55.31
131 Alcohol dehydrogenase 7, p or o polypeptide ADH7 53.28
26,960 Neurobeachin NBEA 52.06
3,992 Fatty acid desaturase 1 FADS1 0.07
29,128 Ubiquitin-like with PHD and ring finger domains 1 UHRF1 0.06
7,298 Thymidylate synthetase TYMS 0.06
8,877 Sphingosine kinase 1 SPHK1 0.06
4,017 Lysyl oxidase-like 2 LOXL2 0.04
7,378 Uridine phosphorylase 1 UPP1 0.04
26,278 Spastic ataxia of Charlevoix-Saguenay SACS 0.03
9,388 Lipase, endothelial LIPG 0.02

Definition of abbreviation: NAD, nicotinamide adenine dinucleotide.

airways from pathogens, was increased (FC, 136.2) in the dif-
ferentiated epithelium, and found to be a potential target for
miR-455-3p, which was significantly down-regulated (FC, 0.12)
in differentiated cells. As noted, those expression changes
found by microarray for CDC25A, MUCI, miR-449a, and miR-
455-3p in our epithelial differentiation model were confirmed by
real-time PCR and Western blot (CDC25A and MUC1) (Table
4 and Figure 4). Moreover, the observed reciprocal changes in
miRNAs and their putative targets suggested a possible causal
relationship.

Anti-miR-449a Increases CDC25A Expression in NHBE Cells

Expression of miR-449a increases, whereas CDC25A expression
decreases, during the differentiation process of NHBE cells

(from confluent to Day 28 of ALI culture). To examine whether
miR-449a regulates CDC25A expression, a loss-of-function anal-
ysis for miR-449a was performed during the differentiation
of NHBE cells. NHBE cells were transduced with lentiviral
particles containing a scrambled anti-miRNA (anti-miR con-
trol) or an anti-miR-449a scaffold. After 14 days of ALI culture,
CDC25A expression levels were assessed by real-time RT-PCR
and Western blot. Due to the limited expression of CDC25A at
Day 28 of ALI culture, the analysis was performed at Day 14.
Cells not transduced were used as a negative control for trans-
duction effects per se and/or anti-miR control effects. The green
fluorescent protein (GFP) reporter gene inserted together with
anti-miR-449a precursor in the expression vector appeared to
be transduced in 60% of NHBE cells (data not shown). In
addition, miR-449a expression was determined by real-time
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Identification

Day 28/C Fold Change (95% Cl)*

microRNA microRNA ID
microRNA sequence
AUCACAUUGCCAGGGAUUUCC hsa-miR-23a
UGGCAGUGUAUUGUUAGCUGGU hsa-miR-449a

GCAGUCCAUGGGCAUAUACAC
UCCCUGAGACCCUAACUUGUGA

hsa-miR-455-3p
hsa-miR-125b-1//-2

mRNA Gene Symbol
Gene name
Cell division cycle 25 homolog A CDC25A
Mucin 1 MUC1
Peroxisome proliferator-activated receptor vy, PPARGC1A
coactivator o
Interleukin-13 IL1B
Interleukin-6 IL6

RT-PCR Array
MIMAT
0000078 0.60 (0.56-0.64) 0.23 (0.19-0.3)
0001541 7,171.29 (5,430.51-9,470.07) 38.15 (29.33-49.6)
0004784 0.09 (0.08-0.10) 0.12 (0.1-0.14)
0000423 0.36 (0.34-0.39) 0.36 (0.26-0.48)

Entrez Gene

993 0.17 (0.12-0.24) 0.05 (0.03-0.07)
4,582 893.09 (674.54-1,182.44) 136.21 (117.62-157.73)
10,891 202.14 (164.67-248.14) 43.22 (36.42-51.29)
3,553 0.06 (0.03-0.10) 0.03 (0.02-0.03)
3,569 0.29 (0.10-0.80) 0.4 (0.37-0.43)

Definition of abbreviations: C, confluent; Cl, confidence interval; hsa, homo sapiens; MIMAT, mature microRNA accession number; miR, microRNA.
*Fold change of normal human bronchial epithelial cells grown in an air-liquid interface for 28 days over undifferentiated confluent cells. RT-PCR data represent fold
change means from three different donors. Array data represent fold change means from three independent cultures from a single donor.

RT-PCR, showing that the transduced anti-miR-449a was effi-
ciently decreasing miR-449a expression (FC, 0.25) in NHBE
cells at 14 days of ALI culture compared with negative control
cells (Figure 5A). We assessed the effects of miR-449a down-
regulation on CDC25A expression levels. Anti-miR-449a was
found to increase CDC25A mRNA levels (FC, 1.86) at Day 14
of ALI in transduced NHBE cells compared with negative con-
trol cells, but this increase was not statistically significant (Fig-
ure 5B). By Western blot analysis, CDC25A protein levels were
increased upon transduction of anti-miR-449a at Day 14 of ALI
culture (Figure 5C). Therefore, miR-449a appears to regulate
CDC25A expression at the translational level.

Hsa-miR-449a Directly Targets the 3’-UTR of CDC25A

The CDC25A 3’-UTR contains one miR-449a-binding site, as
suggested by TargetScan. Because differentiated NHBE cells are
difficult to transfect with plasmids, we used the human lung epi-
thelial cell line, A549 cells, to study the role of miR-449a in the
expression of CDC25A. To determine if miR-449a suppresses
CDC25A expression by directly binding to CDC25A 3'-UTR,

a reporter luciferase vector containing the full-length CDC25A
3’-UTR sequence was transfected into A549 cells in the presence
or absence of miR-449a. As shown in Figure 5D, miR-449a sig-
nificantly decreased the luciferase activity by roughly 50% after
48 hours of transfection in A549 cells, indicating that miR-449a
targets and down-regulates CDC25A expression by directly inter-
acting with its 3’-UTR. In contrast, the miR control slightly in-
creased luciferase activity compared with the untransfected
control.

Hsa-miR-455-3p Inhibits MUC1 Expression in NHBE Cells

MiR-455-3p expression decreases, whereas MUC1 expression
increases, during the differentiation process of NHBE cells. To
examine the regulation exerted by miR-455-3p on MUCI1 ex-
pression, a gain-of-function analysis for miR-455-3p was per-
formed during the differentiation of NHBE cells. NHBE cells
were transduced for 14 days with lentiviral particles containing
scrambled miRNA (miR control) or the mature miR-455-3p
scaffold, and MUCI expression levels were assessed by real-
time RT-PCR and Western blot. The GFP reporter gene inserted
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together with the miR-455-3p precursor in the expression vector
appeared to be transduced in over 90% of the cells (data not
shown). In addition, miR-455-3p expression was determined
by real-time RT-PCR, showing that miR-455-3p was efficiently
expressed after lentiviral transduction in NHBE cells after 14
days (FC, 411.6) of ALI culture compared with negative control
cells (Figure 6A). We then assessed the effects of miR-455-3p
overexpression on MUCI expression levels. MiR-455-3p was
found to significantly decrease MUC1 mRNA levels in NHBE
cells after 14 days of ALI culture (FC, 0.45) compared with
negative control cells. The transduced miR control seemed to
cause a nonspecific decrease in MUCI mRNA (FC, 0.75).
Nonetheless, miR-455-3p transduction resulted in a signifi-
cant decrease in MUC1 mRNA levels compared with both
negative control and miR control groups (Figure 6B). By
Western blot analysis, MUCI protein levels were found de-
creased upon transduction of miR-455-3p after 14 days of ALI
culture (Figure 6C).

Hsa-miR-455-3p Directly Targets the 3'-UTR of MUC1

The MUC1 3’-UTR contains one miR-455-3p-binding site, as
suggested by TargetScan. To determine if miR-455-3p suppresses
MUCI1 expression by directly binding to MUC1 3'-UTR, a repor-
ter dual-luciferase vector containing the full-length MUCI 3'-
UTR sequence was transfected into A549 cells in the presence
or absence of miR-455-3p. As shown in Figure 6D, miR-455-3p
significantly decreased luciferase activity by approximately 30%
after 48 hours of transfection in A549 cells, indicating that miR-
455-3p targets and down-regulates MUCI expression by directly
binding to its 3'-UTR. In contrast, the miR-control had no effect
on luciferase activity in cells transfected with the MUC1 3'-UTR
(Figure 6D).

In summary, in NHBE cells: (/) subsets of miRNAs (55) and
genes (>1,000) are differentially expressed between differen-
tiated and undifferentiated cells; (2) miR-449a (increased in
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Figure 5. Effect of functional inhibition of miR-449a on
CDC25A expression. NHBE cells were transduced when
subconfluent with lentiviral particles expressing an anti-—
miR control or anti-miR-449a. Cells were harvested after
14 days of ALl culture. Bar graphs indicate fold changes in
expression of miR-449a (A) and CDC25A (B) after anti—
miR-449a transduction relative to negative control cells.
Results from three independent cultures from a single do-

2>
>$‘9 nor are expressed as means = SEM (Student’s t test: *P <

0.05). (C) Western blot analysis of CDC25A protein levels
after anti-miR-449a transduction compared with nontrans-
duced (negative control) and anti-miR control-transduced
cells. The Western blot is representative of data from two
independent experiments. B-actin expression is shown as
a loading control. (D) A549 cells were transfected with the
CDC25A 3'-untranslated region (UTR)-luciferase construct
in the presence or absence of 20 nM of miR control or miR-
449a precursor. Luciferase activity was measured at 48
hours post-transfection. Results are expressed as means *
SEM of three independent experiments, each assayed in
triplicate (Student'’s t test: *P < 0.05, compared with neg-
ative control cells).

Q'I')
&
&

differentiated cells) targeted CDC25A, a gene involved in cell
cycle progression; (3) miR-455-3p (decreased in differentiated
cells) targeted MUCI, a marker of differentiated cells. In sup-
port of these conclusions we have demonstrated: (/) that anti—
miR-449a increased CDC25A protein expression at Day 14 of
ALI culture; and (2) that miR-455-3p decreased MUCI1 gene
and protein expression at Day 14 of ALI culture. In A549 cells,
we have determined that miR-449a and miR-455-3p exerted
their regulation on CDC25A and MUCI, respectively, by di-
rectly interacting with their 3'-UTR.

DISCUSSION

ALI cultures from human bronchial epithelial cells have been
widely used to study human airway epithelium, from different
physiologic and pathologic aspects. Recently, Dvorak and co-
workers (6) demonstrated that ALI cultures of human bronchial
epithelial cells represent the transcriptome of the airway epi-
thelium in vivo. They showed that there was a large and signif-
icant overlap between the transcriptomes of human airway
epithelium cultured in vitro in ALI and brushed cells obtained
directly from airway epithelium from healthy individuals, with
at least 81% of expressed genes showing similar expression
profiles in both systems. In the present study, we used ALI
cultures of NHBE cells as a model of airway epithelial differ-
entiation. Using this cell culture approach, we have charac-
terized global miRNA and gene expression profiles during
differentiation of NHBE cells. In addition, using computational
tools, we correlated selected miRNAs presenting changes dur-
ing the differentiation process of NHBE cells with their poten-
tial targets, and performed gain- and loss-of-function studies to
clarify the regulation exerted by these miRNAs on genes re-
lated to proliferative and/or differentiation processes of NHBE
cells.

To our knowledge, this is the first time that a comprehensive
miRNA array approach has been used to study the miRNA expres-
sion profile during human bronchial epithelial differentiation. In
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this sense, these data provide an important molecular starting point
for the study of the epithelial differentiation processes, and repre-
sent a useful resource for researchers interested in the regulation of
proliferation, differentiation, and development of the respiratory
epithelium.

In the present study, the most profound changes in both
miRNA and gene expression profiles were found between undif-
ferentiated (subconfluent and confluent groups) and differentiated
cells (Day 28 of ALI culture), instead of between proliferating
(subconfluent) and less-proliferating cells (confluent). This finding
is not surprising, given that subconfluent and confluent cells consist
of a homogeneous monolayer of epithelial cells, whereas differen-
tiated cells at Day 28 of ALI consist of a mixed population of basal,
ciliated, and mucus-secreting cells.

Some of the changes observed in our study might be due to
the culture conditions used for the two different time-points
studied—undifferentiated (confluent) and differentiated (Day-
28 ALI) cells. Media composition (i.e., retinoic acid and epider-
mal growth factor at different concentrations), time in culture,
and exposure to the air are key factors for the differentiation of
primary epithelial cells into a polarized, pseudostratified epithe-
lium containing basal, ciliated, and mucus-secreting cells. Any
of these factors might be direct contributors to some of the
changes in miRNA and gene expression differences reported
here.

We identified a number of miRNAs that display significant
increases (20 miRNAs) or decreases (35 miRNAs) during differ-
entiation of NHBE cells. Many of them have established func-
tions in cell cycle progression, either inducing proliferation or
growth arrest. MiR-34 and miR-449 family members were found
to be highly increased in differentiated cells in our model, and
have been reported to be induced in the differentiation processes
in other models, such as human nasal epithelial cells, Xenopus
laevis embryonic epidermis (29), and mouse neural stem cells
(30). A recent study also showed that miR-449a and miR-34c
were among the 45 most highly expressed miRNAs in differ-
entiated human airway epithelial cultures (31). Involvement of

miR-449 family members in vertebrate multiciliogenesis has been
previously reported (29). From these data, it can be suggested
that these miRNAs might be playing an active role in the regu-
lation of epithelial cell differentiation. Two wellknown miRNA
clusters were found to be down-regulated in NHBE differenti-
ated cells: clusters 17-92 and 106-363. Members of these clusters
are considered as oncomirs, but, at the same time, cluster 17-92
has been associated with differentiation of macrophages, T cells,
and spermatogonia (32-34). Moreover, transgenic overexpression
of cluster 17-92 promotes proliferation and inhibits differentiation
of lung epithelial progenitor cells (35), directly linking these clus-
ter members to airway epithelial differentiation. In this sense, the
global miRNA expression profile found in our model seems to be
in agreement with previous studies.

Gene array analysis generated a large list of genes showing
significant changes during the differentiation process of NHBE
cells, many of which have established functions in the respiratory
epithelium. Among them, there are genes encoding cytokines,
secreted proteins, cell surface and adhesion molecules, cytoskel-
eton proteins, transcription factors, genes involved in cellular
metabolism, and cell cycle and apoptosis. Secretoglobins, major
histocompatibility complex molecules, mucins and dyneins, tu-
bulins, and keratins are some of the genes presenting the great-
est changes between undifferentiated and differentiated NHBE
cells. In a previous report by Ross and coworkers (36), similar
subsets of genes were found increased in differentiated com-
pared with undifferentiated bronchial epithelial cells. An en-
richment analysis of differentially expressed genes showed
a predominance of categories related to structural changes
linked to differentiation, such as cilium biogenesis and extracel-
lular matrix components in the clusters comprising genes up-
regulated in differentiated compared with undifferentiated cells.
The clusters including genes down-regulated in differentiated
compared with undifferentiated cells were enriched in biological
categories mainly related to cell cycle progress and regulation, in
accordance with the higher proliferative state of undifferentiated
cells.
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We were interested in miRNAs that regulate genes related to
proliferation and differentiation processes of airway epithelium.
Once we selected the miRNAs presenting the most pronounced
changes between undifferentiated and differentiated cells, com-
putational tools were used to identify potential targets. We fo-
cused on the list of putative targets that might be involved in
the proliferation of basal cells or markers of differentiated cells
(ciliated and mucus-secreting cells). CDC25A is a cell cycle phos-
phatase required for the regulation of both G1/S and G2/M phase
transition during cell cycle progression (37). Although several
papers deal with the regulation of CDC25A by different miRNAs
in relation to cancer progression (38-40), only one reports a phys-
iologic role for miRNA (miR-322/424 and miR-503) in regulating
CDC25A during the differentiation of myoblasts into myotubes in
muscle (41). In the present study, and in keeping with previous
studies dealing with the differentiation process of bronchial and
nasal epithelial cells (29, 36), CDC25A expression was found to
be down-regulated in differentiated compared with undifferenti-
ated NHBE cells. This result is in accordance with the function of
CDC25A, as undifferentiated cells are in a high proliferative state
(high levels of CDC25A), whereas differentiated cells show min-
imal proliferation (low levels of CDC25A). In contrast, miR-449a
was found to be up-regulated in differentiated compared with un-
differentiated cells, showing the expected inverse expression re-
lationship between a miRNA and its putative target. Moreover,
the regulatory effect of miR-449a on CDC25A has been recently
reported in different cellular models, such as human nasal epithe-
lial cells, human embryonic kidney 293 cells, bladder cancer cells,
and the osteosarcoma cell line, saos-2 (29, 39, 40). For this reason,
miR-449a and CDC25A were selected for further study in our
physiological model of epithelial differentiation. We used a lenti-
viral vector expressing an anti-miR to miR-449a to block it in
NHBE cells, which leads to an increase in CDC25A protein ex-
pression. Due to the low CDC25A protein expression levels in
fully differentiated cells (Day 28 of ALI culture), the transduction
experiments in NHBE cells with lentiviral particles were per-
formed at Day 14 of ALI culture, when cells are already partially
differentiated. Although there might be differences in the ex-
pression levels of MUC1, CDC25A, miR-449a, and miR-455-
3p between Days 14 and 28 of ALI culture, the expression of
these genes and miRs at Day 14 (differentiation in progress)
was changing in a similar manner to the expression levels ob-
served at Day 28 of ALI (final differentiation). Differentiated
NHBE cells are difficult to transfect; therefore, we used A549
cells for the luciferase reporter experiments. A549 cells repre-
sent a lung epithelial cell convenient for our study, because
they express both CDC25A and MUCI. In this way, miR-449a
seems to be targeting and decreasing CDC25A protein expres-
sion by directly binding to its 3'-UTR in A549 cells. This direct
relationship has been previously reported in human embryonic
kidney 293T cells (29). Therefore, our findings support the role
of miR-449a in the differentiation of NHBE cells via regula-
tion of the expression of CDC25A at the translational level,
possibly by binding to CDC25A 3’-UTR.

MUC1 is a membrane-bound glycoprotein that is expressed in
most epithelial cells and aberrantly overexpressed in various car-
cinomas and inflammatory diseases (42). In physiological con-
ditions, MUCI, together with other mucins, plays an important
role in protecting normal cells from pathogens. In our model of
airway epithelial differentiation, MUCI1 expression was greatly
increased in differentiated compared with undifferentiated cells,
a result that is consistent with previous findings (36). MUC5SAC
and MUCS5B mucins are known to be highly expressed in dif-
ferentiated NHBE cells. However, no miRNA seemed to have
MUCSAC as a putative target. In addition, miR-125b was the only
miR in our list potentially targeting MUCSB, but the changes

found over differentiation for this miR were much smaller than
the ones for miR-455-3p, a miR potentially regulating MUCI.
For this reason, we selected MUCI1 as an NHBE cell differ-
entiation marker and the decreased miR-455-3p as its poten-
tial regulator. After overexpressing miR-455-3p in NHBE
cells through transduction of lentiviral particles containing
a miR-455-3p precursor, MUCI mRNA and protein expression
levels were found significantly decreased. Moreover, miR-455-
3p-mediated suppression of MUC1 seemed to be dependent on
the MUC1 3’-UTR. Therefore, these results highlight the im-
portance of miR-455-3p as a regulator of the differentiation
process of airway epithelium by targeting MUCI at both post-
transcriptional and translational levels. To date, three miRNAs
(miR-125b, miR-145, and miR-1226) have been reported to reg-
ulate the expression of MUCI in different breast cancer cell lines,
emphasizing the role of MUCI as an oncoprotein (43—45). In the
present study, we demonstrated a physiological role of miR-455-
3p regulating MUCI1 expression in NHBE cells.

Collectively, our study provides novel data on the miRNA
profile of NHBE cells in undifferentiated and differentiated
states, and demonstrates for the first time, the direct regulation
exerted by miR-455-3p on MUCI1 in our bronchial epithelium
model. It also confirms the regulatory relationship between
miR-449a and CDC25A in differentiated NHBE cells. Both,
MUCI1 and CDC25A, together with miR-455-3p and miR-449a,
can serve as biomarkers for the differentiation of bronchial epithelia.
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