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Airway epithelial cells cultured at an air—liquid interface bear many hallmarks of in vivo cells and are
used extensively to study the biology of the lung epithelium. Because miRNAs reqgulate many cellular
functions, we postulated that miRNA profiling would provide an unbiased assessment of the effects of
in vitro culturing. RNA was extracted from primary airway epithelial cells either immediately after cell
procurement (in vivo condition) or after air—liquid interface culture was established (in vitro condition).
We assessed 742 miRNAs and determined differential expression between in vivo and in vitro conditions.
Air—liquid interface culturing of airway epithelial cells caused widespread changes in miRNA expres-
sion. A similarly extensive alteration in gene expression was observed in an independent set of publicly
available microarray data. We integrated miRNA and gene expression results to identify culture-induced
differences in transcriptional programs (including several involved in epithelial injury and repair). Air—
liquid interface cultures are useful models for studying airway biology, but the present findings indicate
that, despite phenotypic similarities with primary cells, these culture systems profoundly perturb miRNA
and gene expression. Studies of lung epithelium based on in vitro culture should therefore be designed
and interpreted with an appreciation of the limitations of air—liquid interface culture systems.

(Am J Pathol 2013, 183: 1405—1410; http://dx.doi.org/10.1016/j.ajpath.2013.07.007)

The airways are not only conduits for gas exchange but also
play an important role in lung immunity.'* A contiguous
pseudostratified epithelium lines the airways, providing the
ability to respond to pathogenic insults and quickly restore
breaches to barrier integrity. In addition to such homeo-
static functions, the epithelial surface also plays a key role
in malignant, inflammatory, and fibrotic diseases of the
airways. 1379

A variety of airway epithelial cell lines have been devel-
oped for basic studies aimed at understanding mechanisms
that underlie normal and diseased states.”® However, because
the airway epithelium comprises a variety of highly special-
ized cells, each having unique qualities and characteristics,
monolayers of undifferentiated cell lines cannot fully repli-
cate the complex in vivo interactions that lead to pathological
conditions. To facilitate studies of airway pathologies, an
organotypic culture system of primary airway epithelial cells
was developed that is now considered the gold standard
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in vitro model for studying airway epithelial biology.®’
Airway epithelial cells cultured at an air—liquid interface
(ALI), where cells are fed basally and exposed to air apically,
differentiate into a mucociliary monolayer similar to the
in vivo epithelium.” ALI cultures are replete with various cell
types (eg, ciliated, basal, goblet, club) and morphologically
replicate the in vivo airway epithelium. Moreover, multiple
studies have demonstrated that ALI cultures replicate many
of the in vivo functions.* '* Although these cultures unde-
niably replicate much of the in vivo epithelial phenotype,
fundamental differences may still exist.'*'*

miRNAs are small noncoding RNAs approximately 23
nucleotides in length that complement target mRNAs,
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causing translational repression or mRNA degradation.'”
Because a given miRNA can have hundreds of targets,
these regulatory factors exert widespread control over gene
products and are estimated to influence one third of the
genome.'®'” To date, approximately 1600 human miRNA
precursors and more than 2000 mature miRNAs have been
identified (miRBase version 19, http://www.mirbase.org,
last accessed May 15, 2013’).lx Because miRNAs are broad
regulators of cellular processes, changes in their expression
can lead to profound effects that fundamentally alter cellular
behavior. It is not surprising, therefore, that miRNAs have
been linked to lung development and pulmonary diseases. '

A critical first step in understanding the role of miRNAs
in the biology of airway epithelium during health and
disease is assessing the ability of ALI culture systems to
accurately replicate the miRNA profile of primary airway
epithelial cells. In this study, we compared global miRNA
expression between in vitro and in vivo airway epithelium
and found that many miRNAs were differentially expressed
between these two conditions. Functional analysis of the
predicted targets of differentially expressed miRNAs iden-
tified pathways associated with epithelial injury and wound
healing. Our findings indicate that miRNAs undergo
significant differential regulation in ALI culture, and thus
that these cultures must be used with caution as a surrogate
for the in vivo epithelium.

Materials and Methods
Study Population

Lung transplant patients at the University of Washington
Medical Center undergoing bronchoscopic evaluation were
enrolled into this study. The study protocol was approved by
the Institutional Review Board at the University of Wash-
ington, and all patients provided informed consent before
enrollment. The airway epithelium from 11 patients was used
for immediate RNA isolation (in vivo group). Samples from
eight patients were first cultured before RNA collection
(in vitro group), and samples from four patients were divided
for both in vivo and in vitro conditions. Patient age in the
in vivo and in vitro groups was 46.8 = 17.0 and 40.9 + 15.2,
respectively (means &+ SD; P = 0.44). None of the enrolled
subjects had evidence of infection, acute allograft rejection,
or chronic allograft rejection at the time of tissue collection.

Airway Epithelial Cell Collection and Culture

Airway epithelial cells were collected from small airway
brushings with a sheathed cytologic brush (ConMed, Utica,
NY). Four to six passes of the brush were used, yielding
typically between 1 x 10° and 2 x 10° cells. After the
procedure, the cells were immediately transferred on ice to
the laboratory, where they were pelleted and resuspended in
500 pL of cold Dulbecco’s modified Eagle’s medium. These
cells were then further processed for ALI cell culture or for
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RNA collection from in vivo samples. Some collections
were divided for both cell culture and RNA collection from
the primary cells.

Airway epithelial cell cultures were established according
to published protocols.” Primary cells collected from the
airway brushings were plated on type I collagen—coated
dishes at an initial plating density of 2.5 x 10* cells/cm®.
Cells were fed with bronchial epithelial growth medium until
they were 80% confluent (typically 7 to 8 days in culture).
These cells were then passaged onto type I collagen—
coated Transwell inserts (Corning Life Sciences, Tewks-
bury, MA) at a seeding density of 10° cells/cm? and were
fed with bronchial epithelial cell growth medium in both
the apical and basal chambers. Once a fully confluent
monolayer was established (typically after 1 to 2 days), cell
cultures were fed basally with ALI medium to allow
differentiation into a mucociliary monolayer (Supplemental
Figure S1).

RNA Collection

To obtain a pure population of airway epithelial cells for
RNA collection, primary cells collected from bronchial
brushings were first immunodepleted of inflammatory cells
with a biotinylated anti-human CD45 antibody (AbD Sero-
tec; Raleigh, NC), followed by Pierce streptavidin magnetic
bead separation (Thermo Fisher Scientific, Rockford; IL).
This procedure efficiently eliminates all inflammatory cells,
which constituted approximately 3% of the total population
of harvested cells (data not shown). TRIzol (Life Technolo-
gies, Carlsbad, CA) surfactant was then added, and RNA was
collected using phase-lock tubes according to the manufac-
turer’s protocols (5 PRIME, Gaithersburg, MD).

RNA was isolated from cultures after they were fully
matured at an ALI for 4 weeks. In brief, cells on the poly-
ester membrane were cut out with a sterile scalpel and
placed into TRIzol. Membranes were vortexed in TRIzol for
30 seconds and then processing for RNA collection with
phase-lock tubes.

miRNA Profiling and Data Analysis

RNA collected from both primary cells (in vivo samples)
and passage 1 ALI cultures (in vitro samples) was used for
cDNA generation with a miRCURY LNA cDNA synthesis
kit (Exiqgon, Woburn, MA). miRNA profiling was per-
formed using the miRCURY LNA Universal RT human
miRNA PCR panel version 2.0 (Exiqon) to evaluate 742
unique human miRNAs.

Each miRNA PCR panel was normalized by subtracting
a given miRNA quantification cycle (C,) from the mean C,
of all miRNA probes. This global normalization strategy is
superior to normalizing against a limited set of stable RNA
controls.” Correspondence analysis was performed based
on the variability in miRNA expression across in vivo
(n = 11) and in vitro (n = 8) samples. Differentially
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expressed miRNAs between in vivo and in vitro samples
were identified using the significance analysis of micro-
arrays (SAM) technique.”’ Statistical significance was
determined based on false discovery rate analysis (g-value).

Highly significant differentially expressed miRNAs (¢ <
0.001) were interrogated via TargetScan release 6.2 (hitp://
www.targetscan.org, last accessed May 15, 2013) to iden-
tify putative gene targets.”” miRNAs not found with Tar-
getScan were eliminated from further analyses. Only
conserved targets within the human genome were selected.

Analysis of Gene Expression Data

We downloaded and analyzed human microarray data from
the study of Pezzulo et al'* comparing the global tran-
scriptional response of freshly isolated airway epithelial
cells (ie, in vivo conditions) (n = 16) to ALI cultures (n =
16) (http://www.ncbi.nlm.nih.gov/geo; accession number
GSE20502). Log-transformed probe intensities from these
Affymetrix microarrays were normalized using the robust
multiarray (RMA) procedure.”” Differential gene expression
was determined using SAM based on the same significance
g-value cutoff applied to the miRNA data set (g < 0.001).

Functional Analysis

We used the WebGestalt online analytical toolkit (htp://
bioinfo.vanderbilt.edu/webgestalt, last accessed May 15,
2013)** to assess enrichment of functional categories for
three sets of generated data: i) predicted gene targets for
differentially expressed miRNAs (in vivo versus in vitro); ii)
differentially expressed genes from the publicly accessed

hsa-miR-181b
hsa-miR-200c*
hsa-miR-24-1*
h 7b*

In vitro Samples

hsa-miR-503

hsa-miR-410

Gene Expression Profiles

In vitro Samples
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microarray data (in vivo versus in vitro); and iii) a common set
of genes that were differentially expressed in both the micro-
array experiments and putative targets for differentially regu-
lated miRNAs. Functional enrichment was assessed relative to
the human genome using the hypergeometric distribution
and the Benjamini—Hochberg method to adjust for multiple
hypothesis testing (adjusted P value of <0.001).”

Results

miRNA and Transcriptional Profiles of Airway Epithelial
Cells Are Altered in Culture

Variation in global miRNA expression between in vivo and
in vitro samples was assessed using correspondence analysis
and demonstrated clear segregation between the two groups
(Figure 1A). This finding implies that culturing airway
epithelial cells profoundly perturbs their miRNA profile.
Indeed, the expression levels of 247 miRNAs were signifi-
cantly different between the in vitro and in vivo conditions
at a g-value of <0.05; this constitutes one third of the total
miRNAs evaluated (Supplemental Tables S1 and S2). When
we applied a more stringent statistical cutoff (¢ < 0.001),
100 miRNAs were differentially expressed between ALI
cultures and in vivo samples, with a median log, difference
of 3.06 (ie, an eightfold change) in expression (Figure 1B
and Supplemental Table S1). These findings indicated that
the global changes observed in miRNA expression were
largely attributable to condition (ie, in vitro versus in vivo)
and corroborated the notion that miRNA expression is
significantly altered in ALI cell cultures, compared with the
in vivo epithelium.

In vitro

hsa-miR-1181
hsa-miR-493

Figure 1  A: Correspondence analysis of miR-
NAs in ALI cultures and in vivo airway epithelium.
In this unsupervised analysis based on all detect-
able human miRNAs, global variability in miRNA
hesrin g15h expression distinctly segregated in vivo samples
RamRizo (n = 11) from in vitro cultures (n = 8). B:
Differentially regulated miRNAs between ALI cul-
tures and in vivo airway epithelium. Heat-map
depiction of 100 highly differentially expressed
miRNAs between the in vitro and in vivo groups (g <
0.001). Gray color indicates miRNA levels unde-
tectable by PCR. C: Correspondence analysis of
microarray-based gene expression in ALI cultures
and in vivo airway epithelium. In this analysis based
on the expression profile of more than 5000 genes,
neressed global variability in gene expression clearly dis-
expression criminated between in vivo samples and in vitro
cultures. n = 16 samples per group.

hsa-miR-486-5p
63

decreased
expression
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Table 1  Enriched Functional Pathways Mapping to Putative
Targets of Differentially Regulated miRNAs between ALI Cultures
and the in Vivo Airway Epithelium

Functional pathways* Adjusted P

Pathways in cancer 1.06 x 10“
MAPK signaling pathway 2.74 x 10738
Axon guidance 1.86 x 107°
Focal adhesion 3.97 x 1073
Endocytosis 3.37 x 10°%
Neurotrophin signaling pathway 1.60 x 102°
Wnt signaling pathway 6.52 x 1072
Insulin signaling pathway 4,53 x 107 %
Regulation of actin cytoskeleton 5.71 x 1024
ErbB signaling pathway 1.01 x 102
Ubiquitin-mediated proteolysis 7.80 x 102
Long-term potentiation 133 x 107 %
Chronic myeloid leukemia 9.17 x 1078
TGF-B signaling pathway 6.38 x 107V
Melanogenesis 9.46 x 107

Only the top 15 pathways are listed here; the full list appears in
Supplemental Table S3.

*Putative targets of differentially expressed miRNAs (g < 0.001) were
used to determine enriched pathways based on the KEGG (Kyoto Encyclo-
pedia of Genes and Genomes) database (http://www.genome.jp/kegg,
release 66.1, last accessed May 15, 2013).

TBenjamini—Hochberg adjustment.

miRNAs function by either directly repressing translation
or augmenting mRNA destruction.'” However, mRNA
destabilization is detectable for targets that have translation
repressed by more than one third.”°~ >’ Changes in miRNA
expression will therefore induce widespread effects in gene
expression, and alterations in the transcriptome of the
airway epithelium due to condition (ALI versus in vivo)
should reflect changes in the miRNA profile. To further
assess whether culture status influences gene expression, we
mined publicly available microarray data comparing the
transcriptome of human ALI cultures with freshly isolated
airway epithelial cells.'* Correspondence analysis of the
gene expression data (Figure 1C) strongly resembled the
miRNA correspondence analysis of in vitro and in vivo
airway epithelium (Figure [A), confirming large-scale
transcriptional differences between the conditions.

Culture-Induced Alterations in miRNA and Gene
Expression of Airway Epithelial Cells Map to Common
Pathways Linked to Injury and Repair

Because miRNAs have multiple targets and influence the
expression of many genes, we explored the predicted tran-
scriptional consequences of altered miRNA expression in
ALI cultures of airway epithelium. Multiple algorithms have
been developed to determine putative miRNA targets.”” We
used TargetScan, which is based on an experimentally
validated algorithm with high predictive specificity.”’ We
limited our analysis to miRNAs with highly significant
changes in expression between conditions (¢ < 0.001)
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(Figure 1B and Supplemental Table S2) and identified 4543
unique predicted gene targets for the differentially regulated
miRNAs. These putative miRNA targets were highly
enriched in pathways associated with cancer, cell signaling,
epithelial injury, and repair, among others (Table 1 and
Supplemental Table S3).

We then analyzed publicly available microarray data
measuring global transcriptional differences between ALI
cultures and in vivo airway epithelium and identified 5270
differentially regulated genes using a strict threshold of g <
0.001 (Supplemental Figure S2)."* We applied the same
pathway enrichment analysis pipeline used for the miRNA
data to these differentially expressed genes (Table 2 and
Supplemental Table S4). Interestingly, there were many
similarities between the list of functional pathways over-
represented in the microarray data and processes enriched
among the putative miRNA targets. In fact, 7 of the top 15
enriched pathways were identical in both analyses (path-
ways in cancer, focal adhesion, endocytosis, MAPK
signaling, actin cytoskeleton, ubiquitin-mediated proteol-
ysis, and adherens junction). At the functional level, there-
fore, transcriptional alterations assessed from the microarray
data overlapped with changes inferred from in silico—
generated targets of differentially expressed miRNAs.

To more precisely highlight the functional role of miRNAs
in regulating biological processes that distinguish airway
epithelium ALI cultures from in vivo cells, we leveraged the
microarray information to filter out putative miRNA targets
that were not differentially expressed. By comparing pre-
dicted targets of differentially regulated miRNAs with genes
that had significant expression changes in the microarray data
under in vivo versus in vitro conditions, we generated a list of

Table 2  Enriched Functional Pathways Mapping to Differentially
Expressed Genes between ALI Cultures and the in Vivo Airway
Epithelium

Functional Pathways* Adjusted P

Metabolic pathways 8.41 x 1077¢
Alzheimer disease 8.58 x 1073
Huntington disease 1.90 x 1033
Parkinson disease 1.69 x 107%°
Oxidative phosphorylation 2.64 x 1026
Pathways in cancer 4.90 x 1074
Focal adhesion 3.30 x 107
Protein processing in endoplasmic reticulum 8.20 x 107"
Endocytosis 2.93 x 10°Y
Tight junction 7.04 x 107V
MAPK signaling pathway 6.18 x 1071
Leukocyte transendothelial migration 1.64 x 10
Regulation of actin cytoskeleton 3.07 x 1071
Ubiquitin-mediated proteolysis 2.05 x 107
X

Adherens junction 2.05

Only the top 15 pathways are listed here; the full list appears in
Supplemental Table S4.

*Differentially expressed genes (g < 0.001) were used to determine
enriched pathways based on the KEGG database.

fBenjamini—Hochberg adjustment.
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1013 common genes identified from both analyses. Func-
tional enrichment analysis of this gene list identified miRNA-
regulated pathways that drive key biological differences
between cultured human airway epithelium and primary cells
(Table 3 and Supplemental Table S5). Importantly, many of
these processes are strongly associated with epithelial injury
and repair (eg, MAPK/insulin/Wnt/ErbB signaling, focal
adhesion, adherens/tight junction, and regulation of
cytoskeleton).

Discussion

ALI cultures are currently considered the gold standard of
in vitro systems for studying airway epithelial biology.’”
However, the present results show that there are limita-
tions to the ALI culture system. In particular, we found that
miRNA expression profiles are widely perturbed between
in vitro conditions and in vivo condition. To our knowledge,
evaluation of miRNA fidelity between ALI culture and
in vivo airway epithelium has not been previously reported.
However, two analogous studies comparing the tran-
scriptome of in vitro and in vivo airway epithelium were
recently published.”’14 We reanalyzed the data from
Pezzulo et al'* and found more than 5000 genes to be
differentially regulated between in vitro and in vivo conditions,
which is similar to the numbers reported by Dvorak et al."”
In the present study, we first showed that similar func-
tional pathways were affected by differentially regulated
miRNAs (as assessed by their putative targets) or genes (as
measured by microarrays) in ALI cultures and in in vivo
airway epithelium. Next, we intersected the microarray and
miRNA data to identify a subset of differentially expressed

Table 3 Pathways Enriched among Putative Target Genes of
Differentially Regulated miRNAs That Were Also Differentially
Expressed between ALI Cultures and the in Vivo Airway Epithelium

Adjusted P!

Functional Pathways*

MAPK signaling pathway 8.72 x 10°%°
Pathways in cancer 8.72 x 10%°
Insulin signaling pathway 8.20 x 1071
Focal adhesion 2.08 x 10
Adherens junction 1.05 x 1013
Ubiquitin-mediated proteolysis 2.32 x 1073
Regulation of actin cytoskeleton 3.30 x 10712
Neurotrophin signaling pathway 3.91 x 10712
Axon guidance 4.85 x 1072
T-cell receptor signaling pathway 1.05 x 10
Tight junction 5.54 x 107
Endocytosis 1.33 x 10 %
Wnt signaling pathway 5.73 x 107
Chronic myeloid leukemia 1.18 x 107°
ErbB signaling pathway 1.55 x 107°

Only the top 15 pathways are listed here; the full list appears in
Supplemental Table S5.

*Enriched pathways were determined based on the KEGG database.

Benjamini—Hochberg adjustment.
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genes that were also targets of the differentially regulated
miRNAs. These genes were highly enriched in pathways
linked to epithelial wounding and repair, suggesting that
ALI cultures remain in an injured state even after differen-
tiation into a mucociliary monolayer.**’ Despite the
attempts to mimic in sifu conditions, such as controlling
growth factors and feeding cells basally while exposing
cells to air apically, ALI cultures cannot fully replicate the
in vivo environment (eg, extracellular matrix and substratum
stiffness are lacking).” ~°

miRNAs are critical regulators of gene expression, and
alterations in their expression can drive various diseases of
the lung.'”'>" The present findings suggest that ALI
cultures may not adequately represent the diseased in vivo
airway epithelial cells and that these cultures may have
limited utility as a surrogate for the in vivo airway epithelium
in discovering mechanism of disease. Of course, there are
advantages to culturing cells, including overcoming the
limited airway samples procured via bronchoscopy and
allowing for manipulation of the epithelium under controlled
conditions. Even though our data suggest that these cultures
do not reliably reproduce in vivo phenotypes in vitro, they are
still useful in studying basic airway epithelial biology; ALI
cultures can replicate many in vivo cellular functions and can
respond appropriately to various stimuli.®'?

The present study has a number of limitations. TargetScan is
highly specific, but it has low sensitivity in identifying miRNA
targets.”' Thus, it is likely that, although the majority of
putative targets identified by TargetScan are true targets, the
overall number is under-represented. We opted for this
conservative approach, to reduce false positivity in target
identification. To overcome the limitation that gene targets of
differentially expressed miRNAs were predicted in silico, we
focused on enrichment of canonical pathways instead of
specific genes. Furthermore, we integrated gene expression
information from an independent set of experiments with our
miRNA data, to systematically narrow down candidate gene
lists and to identify key miRNA-regulated processes that are
differentially activated in ALI cultures relative to in vivo
airway epithelium. The relatively small sample size is another
limitation of the present study; however, even in this limited
cohort, we discovered highly significant differences in miRNA
profiles depending on culture condition. Because cells were
harvested from lung transplant patients, we cannot rule out the
effects of transplantation itself or the associated drug treat-
ments on differential miRNA expression between the in vivo
epithelium and ALI cultures. Nevertheless, when we
compared our results with the microarray data from in vivo
condition and in vivo airway epithelium obtained from healthy
individuals, a significant overlap was identified between
differentially expressed genes and functional pathways. This
observation implies that the primary cause of transcriptional
differences between our samples was not transplantation status
but rather resulted from culture condition.

In summary, the present findings demonstrate that miR-
NAs, as well as a large proportion of the transcriptome, have
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altered expression when airway epithelial cells are grown in
ALI cultures. The primary implication of our findings is that
these culture systems do not fully capture the in vivo state of
diseased airways and must therefore be used with caution.
Nonetheless, ALI cultures remain necessary and appropriate
models for understanding basic airway biology and to
complement findings derived from in vivo tissue.
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