


[lincRNAs, small nucleolar RNAs (snoRNA), small nuclear
RNAs (snRNA)], pseudogenes, and processed transcripts
(Fig. 3C). Only 32% of the NuGEN protocol–specific
genes are classified as "known" in Ensembl (genes that
match a human sequence in a public, scientific database
such as NCBI RefSeq or UniProtKB) versus 69% or 86% of
the genes detected only in samples processed using the
Illumina protocol or by both protocols, respectively.
Together, the complementary protocols define a compen-
dium of protein-coding and non-coding genes that are
expressed in the bronchial epithelium across the pheno-
types in this study.

Smoking- and lung cancer–associated gene expression
alterations
The airway transcriptome defined earlier includes 787

genes detected only in samples prepared using the NuGEN
library preparation protocol. These genes are potentially
non-polyadenylated transcripts that are not captured using
the Illumina protocol. There were 156 genes differentially
expressed between S and NS samples and 100 genes differ-
entially expressed between C and NC samples among the
787 genes [differentially expressed genes had a non-zero
RPKM value in both samples in each comparison and
|log2(fold change)| > log2(1.5) by both Cufflinks and
Scripture software]. These gene sets were checked for enrich-
ment of Gene Ontology molecular function categories by
using goseq (ref. 31; thebackgroundgene setwas all genes in
the airway transcriptome). Categories related to ion channel
activity were enriched among genes differentially expressed
between NS and S, and a category related to oxidoreductase
activity was enriched among genes differentially expressed
between NC and C samples (goseq FDR-corrected P < 0.05,
Supplementary Table S4). The smoking-associated differ-
entially expressed genes enriched in voltage-gated ion chan-
nel activity (GO:005244) were KNCJ5, KNCJ8, KNCJ3,
KNCJ12, KNCJ11, KCND3, SCN1B, SCN2B, and SCN3B.
An example of one of these ion channel genes detected only
using the NuGEN library preparation protocol, SCN3B
(sodium channel, voltage-gated, type III, beta), that is
down-regulated in smoking and in lung cancer is shown
in Figure 4A.
We next focused on gene expression detected in samples

processed with the Illumina protocol, as the increased
number of sequencing reads mapping to mRNA-encoding
genes with this protocol suggested that it might potentially
be better able to accurately quantitate gene expression
levels. Smoking- and cancer-associated differentially
expressed genes detected by both library preparation pro-
tocols or just the Illumina protocol were identified by
choosing genes with a non-zero RPKM for both samples
in each comparison, an |log2(fold change)| > log2(1.5) by
Cufflinks and Scripture, and an FDR-corrected P < 0.05 by
Cuffdiff. There were 517 genes differentially expressed
between S and NS samples and 192 genes differentially
expressed between C and NC samples by these criteria.
These gene sets were checked for statistical enrichment of
Gene Ontology molecular function categories and KEGG

pathways using goseq (31). Pathways and molecular func-
tions such as oxidoreductase activity, metabolism of
xenobiotics by cytochrome P450 and retinol metabolism
were enriched among genes differentially expressed
between current and never smokers. Cytokine–cytokine
receptor interaction, chemokine signaling pathway, and
cell adhesion molecules were enriched among gene differ-
entially expressed between smokers with and without
cancer (goseq FDR-corrected P < 0.05, Supplementary
Table S5). The smoking- and lung cancer–associated path-
ways and molecular functions uncovered earlier are con-
sistent with gene expression alterations in previous
microarray studies (2, 11, 12).

RNA-Seq and microarray gene expression
measurements are correlated

The logarithmically transformed fold changes of Scrip-
ture-derived RPKM values between the S and NS samples
were computed across the genes defined in the airway
transcriptome with non-zero RPKM values in both sam-
ples. Gene expression measurements from samples pro-
cessed using the NuGEN protocol were used to determine
the fold changes of genes detected only using the NuGEN
protocol, whereas gene expression measurements from
samples processed using the Illumina protocol were used
to compute the fold changes for all other genes. The
RNA-Seq fold changes between S and NS samples were
compared with those obtained usingmicroarray profiles on
the individual samples in the pool across the 17,005 airway
transcriptome genes that were also interrogated by the
Affymetrix Exon 1.0 ST microarray. The fold changes mea-
sured by sequencing and arrays were significantly corre-
lated (r ¼ 0.36, P < 0.001, Fig. 5A) and the RNA-Seq fold
changes were also correlated with the microarray t-statistics
between the S and NS samples (r ¼ 0.33, P < 0.001). The
correlation between RNA-Seq- andmicroarray-derived data
was slightly lower than the correlation between RNA-Seq
fold changes computed on the basis of data derived using
the NuGEN protocol versus the Illumina protocol (r ¼
0.42, P < 0.001, for the genes with non-zero RPKM values
detected by both protocols).

The 517 differentially expressed genes between NS and S
samples identified earlier (Supplementary Table S6) were
examined for differential expression in the microarray data.
A total of 109 of the 517 genes differentially expressed by
sequencing had either |log2(fold change)| > log2(1.5) or a
P < 0.05 (based on a t test) between S and NS samples on
the Affymetrix Exon 1.0 ST microarray. A total of 319 genes
of the 517 genes were interrogated by but were not differ-
entially expressed on the microarray. Many of these genes
are non-coding RNAs and potentially important genes in
the response to tobacco smoke exposure and tumorgenesis.
Finally, 89 of the 517 genes with smoking-associated
expression levels as determined by RNA-Seq are not inter-
rogated on the microarray (see Table 1 for the top most
highly expressed subset of the 89 genes).

We then carried out a similar analysis using the C andNC
samples. The logarithmically transformed fold changes
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Figure 4. Read coverage plots of
selected genes. For each plot, the
reads normalized by the total
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genomic coordinates are
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each group (S vs. NS and C vs.
NC), the sample with higher
expression is shown in black and
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(sodium channel, voltage-gated,
type III, beta), reads from samples
processed using the NuGEN
protocol are represented in the top
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processed using the Illumina
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(mucin 5AC), reads from samples
processed using the Illumina
protocol are shown.
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of RPKM values between the C and NC samples were
computed across the airway transcriptome genes as
described earlier for the S and NS samples. The C versus
NC RNA-Seq fold change results were significantly corre-
lated with the fold change computed using the 5 NC and 8
C samples processed on the HGU133A 2.0 microarray (r ¼
0.16, P < 0.001, Fig. 5B) across 9,308 genes measured on
both sequencing and microarrays. The RNA-Seq fold
change was also significantly correlated to the t-statistics
computed on the basis of microarray data (r ¼ 0.14, P <
0.001). The correlation between RNA-Seq- and microarray-
derived data was slightly lower than the correlation
between RNA-Seq fold changes computed on the basis
of data derived using the NuGEN protocol versus the
Illumina protocol across the same C and NC samples
(r ¼ 0.24, P < 0.001, for genes with non-zero RPKM values
and detected by both protocols).
Of the 192 genes found to be differentially expressed

between C and NC samples (Supplementary Table S7), 20
genes had either a |log2(fold change)| > log2(1.5) or a P <
0.05 between C and NC samples on the Affymetrix
HGU133A 2.0 microarray. A total of 66 of the 192 genes
were interrogated on the microarray but did not have
absolute log2 fold change > 1.5 or P < 0.05, including
interesting genes related to inflammation and tumorigen-
esis. Finally, 106 the 192 genes with cancer-associated
expression levels as determined by RNA-Seq are not inter-
rogated on the microarray (see Table 1 for the top most
highly expressed subset of these 106 genes). Relatively little

is known about many of the genes in Table 1; however, one
interesting example of a gene with potentially important
expression difference in smoking and lung cancer is a
processed transcript of MUC5AC. The gene (MUC5AC;
Ensembl ID ENSG00000215182) is upregulated in current
smokers compared with never smokers but is downregu-
lated in smokers with lung cancer compared with smokers
without lung cancer, and there were no probes on the
Affymetrix Exon 1.0 ST microarray designed to interrogate
the transcript. A plot of the sequencing reads mapping to
this gene is shown in Figure 4B.

Quantitative RT-PCR confirms RNA-Seq changes
To confirm differential expression by RNA-Seq, we used

qRT-PCR to validate a subset of genes that were either not
differentially expressed [|log2(fold change)| < log2(1.5)] or
were not interrogated when using microarrays (Supple-
mentary Table S9) within NS, S, NC, and C individuals
(Supplementary Table S8). Figure 6A provides a compar-
ison of fold changes between Illumina RNA-Seq and qRT-
PCR for each gene within smoking or cancer comparisons.
All genes except SCGB1A1 show concordant direction of
fold change between RNA-Seq and qRT-PCR. In addition to
protein-coding genes, we selected a subset of non-protein-
coding transcripts represented as differentially expressed in
the NuGEN RNA-Seq method for qRT-PCR validation.
Smokers showed downregulation of a lincRNA
(AC004968.2) and a pseudogene (CTD-2325P2.2) in
RNA-Seq data, and this was confirmed with qRT-PCR
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(Fig. 6B). Similarly, PCR data confirmed the upregulation
of the pseudogene (CTD-2325P2.2) and the downregula-
tion of a noncoding RNA (RP11-295J3.2) in individuals
with cancer (Fig. 6B).

Discussion

In this study, we carried out transcriptome sequencing
on airway epithelial cells from healthy, never and current
smoker volunteers and from smokers with a diagnosis of
lung cancer or an alternative benign disease of the chest.
The goals of this study were to compare several methods for
conducting airway transcriptome sequencing and to eval-
uate the potential of this technology to provide new bio-
logical insights into the altered gene expression in the
airway epithelium in response to tobacco smoke and lung
cancer.

The design of this study (Fig. 1) made it possible to
compare different RNA-Seq protocols, read lengths, and
sequencing types (SE or PE) across the same set of pooled
samples. The samples were processed using 2 different, but
complementary, protocols: the standard Illumina protocol,
which selects polyadenylated RNA from total RNA prior
to cDNA synthesis, and a prototype NuGEN Ovation RNA-
Seq protocol, which uses a combination of oligo-d(T)
primers and random hexamers to synthesize cDNA from
total RNA. The samples processed using the NuGEN pro-

tocol had a lower percentage of uniquely aligned reads than
samples processed using the Illumina protocol. This dif-
ference may be partly due to higher-quality reads from the
samples prepared with Illumina protocol using a new
Illumina sequencer (greater number of reads aligning with
zero mismatches, Fig. 2B) and to a higher content of
repetitive RNA in the samples prepared using the NuGEN
protocol. The NuGEN protocol had a much higher percen-
tage of reads aligning to mitochondrial RNA and rRNA
(39% vs. 12%) due to the fact that it captures both poly-
adenylated and non-polyadenylated RNAs and that the
protocol may not have been fully optimized (a prototype
version of the protocol was used). We were able to assess
the effects of read length and sequencing type, using the
Illumina-protocol processed samples, by trimming the
reads and considering each read of each pair separately.
Increased read length (36 to 75 nt) results in 10% more
reads aligning to a unique location in the genome and 8%
more reads that span splice junctions. PE versus SE sequen-
cing gives an additional 6% increase in the number of reads
that align uniquely as a pair. The results show that there are
clear advantages to longer sequencing length and PE
sequencing versus SE sequencing. In addition, the standard
Illumina protocol results in higher coverage of polyadeny-
lated genes (mostly protein coding), but it fails to capture a
subset of non-polyadenylated transcripts. In this study, the
subset of genes detected only in samples processed using
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the NuGEN protocol is small; however, it is likely that an
optimized protocol (incorporating methods to reduce
repetitive and highly abundant RNA) combined with
higher-quality PE 75 nt (or greater) reads would yield
additional transcripts. Our data suggest that the optimal
approach for sequencing the airway transcriptome would
be to use an optimized protocol that captures both poly-
adenylated and non-polyadenylated transcripts or a com-
bination of protocols followed by 75 nt (or longer) PE
sequencing at a depth of coverage greater than 30 million
reads.
The union set of genes measured by both the Illumina

and NuGEN protocols was used to define the compendium
of genes expressed in the airway transcriptome. We believe
this is the first comprehensive catalogue of genes expressed
in the bronchial airway epithelium. Despite the small
sample size, the numbers of genes (even the conservative
airway transcriptome definition, Supplementary Table S3)
exceeds the number of genes determined to be expressed in
the airway using microarrays (2). The majority of genes
were detected when the samples were processed using the
Illumina protocol, resulting in higher read coverage of
annotated genes (19,786 vs. 10,926 genes for samples
processed using NuGEN, Fig. 3A), because less reads were
lost to alignments to mitochondrial RNA, rRNA, and non-
polyadenylated transcripts. The fact that the expression of
some genes could only be detected when the samples were
processed using the NuGEN protocol was therefore prob-
ably not the result of coverage differences but rather
because of differences between the protocols. The genes
whose expression is detected only by the samples processed
using the NuGEN protocol (n ¼ 787) are more likely to
belong to gene biotypes other than protein coding (Fig. 3C)
and to the set of Ensembl genes not categorized as
"known." Despite the differences between the 2 protocols,
the read counts obtained are highly correlated (r ¼ 0.59,
P < 0.001) within the set of genes detected by both pro-
tocols (n ¼ 10,139). There is a group of genes (among the
10,139 genes) with markedly higher counts when using the
NuGEN protocol versus the Illumina protocol (Fig. 3B)
that predominantly belong to gene biotypes other than
protein coding. One interesting example is the lincRNA
MALAT1, which has a mean RPKM of 14,915 (NuGEN)
versus 2352 (Illumina). Reads aligning to MALAT1 from
samples processed using the Illumina protocol are distrib-
uted along the entire length of the gene, whereas reads from
samples processed using the NuGEN protocol are concen-
trated in a shorter, approximately 300-bp region of the
transcript, which may represent an additional non-
polyadenylated processed RNA transcribed from this locus
(Supplementary Fig. S1). Defining the airway transcrip-
tome by combining the strengths of both RNA-Seq library
preparation protocols is an important step in fully under-
standing the biology of the airway field of injury.
Genes in the airway transcriptome were classified as

differentially expressed between the S and NS samples or
the C and NC samples to find enriched biological path-
ways and functions. Surprisingly, genes involved in ion

channel activity were enriched among the differentially
expressed genes detected only in samples processed using
the NuGEN protocol (Supplementary Table S4). It is
unclear if this finding is because of biases in the library
preparation protocols, polyadenylated tail length, or the
presence of non-polyadenylated isoforms. The presence
of non-polyadenylated isoforms of transcripts measured
in samples processed using the NuGEN protocol, which
may have important regulatory functions, needs to be
confirmed with further studies. Among genes detected in
samples processed using the Illumina protocol (n ¼
19,786), there were several smoking-related pathways
such as oxidoreductase activity, retinol metabolism,
and metabolism of xenobiotics by cytochrome P450 that
were enriched among genes differentially expressed
between the NS and S samples. Cell adhesion molecules,
cytokine–cytokine receptor interaction, and chemokine
activity were enriched among genes differentially
expressed between the NC and C samples (Supplemen-
tary Table S5). The RNA-Seq data appear to find gene
expression alterations that are smoking and cancer related
despite the small sample size.

RNA-Seq–derived fold changes between the NS and S
samples and between the NC and C samples are signifi-
cantly correlated with changes measured by microarrays
among genes interrogated by both platforms. There is,
however, a weaker correlation among the samples with
and without cancer (Fig. 5B) that can be partially
explained by the fact that the an older microarray plat-
form was used and that only a subset of the cancer
samples used in the pool had microarray data. In addi-
tion, the cancer signal is weaker than the smoking signal
[less genes have an absolute log2 fold change > log2(1.5)],
and therefore, the correlations of C/NC fold change
between data generated using the Illumina and the
NuGEN protocols or between RNA-Seq and microarray
are weaker.

An advantage of RNA-Seq over microarray technology
lies in the number of genes that are significantly differen-
tially expressed by RNA-Seq but are not interrogated on the
microarray as exemplified by the genes listed in Table 1.
One example is a MUC5AC (mucin 5AC)-processed tran-
script located within an intron of MUC5B (Fig. 4B) that is
upregulated in current smokers compared with never smo-
kers and downregulated in smokers with lung cancer com-
pared with smokers without lung cancer. MUC5AC is a
mucin gene expressed in the respiratory tract and is found
in patients with asthma, cystic fibrosis, and COPD (33).We
also found that ANG (angiogenin, ribonuclease, RNase A
family, 5), a gene that is not measured by these microarrays
but which is involved in lung adenocarcinoma cell pro-
liferation and angiogenesis (34), was up-regulated in smo-
kers. Another gene, SCGB3A1 (secretoglobin, family 3A,
member 1), which is not interrogated by the microarrays
used in this study but was found to be upregulated in the
normal airway of lung cancer patients using RNA-Seq, has
been linked to poor prognosis in non–small-cell
lung cancer (35). Table 1 also includes non-coding RNAs
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(lincRNAs, pseudogenes, and processed transcripts) whose
biological functions have not been well described but
which may have important gene regulatory functions in
lung carcinogenesis. Identification of their cancer-asso-
ciated differential expression by sequencing provides a
rationale for studying their expression using targeted assays
in larger cohorts of samples.

In addition to examining concordance with microarrays,
we also used qRT-PCR to validate the concordance of fold
change direction among genes detected only as differen-
tially expressed log2(1.5) by sequencing. The expression of
the genes S100A8 and S100A9, which are known to be
involved in the inflammatory response in the lung (36–
38), andCYP4F2, amember of the cytochrome P450 family
of enzymes that play a role in xenobiotic pathways (39),
were found to be up-regulated in smokers by both RNA-Seq
and qRT-PCR. Similarly, the expression of the genes
CCL20, IL8, NFKB1A, and SCGB3A1 was found to be
up-regulated in the normal airway of patients with lung
cancer versus those with benign disease using both RNA-
Seq and qRT-PCR (Fig. 6A). One gene, SCGB1A1, however,
was not concordant between RNA-Seq andmicroarrays. We
also validated that the expression of select non-coding
RNAs, which may have an important role in gene regula-
tion (41–43), changed in the same directions as measured
by either RNA-Seq or qRT-PCR (Fig. 6B). The correlation
between qRT-PCR fold change and RNA-Seq fold change
was significant (r ¼ 0.888, P < 0.001; data not shown). The
concordance between qRT-PCR and RNA-Seq has been
confirmed across a small set of genes, suggesting that
RNA-Seq is a good method for assaying genes important
in epithelial cell response to smoke and lung cancer.

In summary, we have established that transcriptome
sequencing has the potential to provide new insights into
thebiologyof the smoking- and cancer-related airway fieldof
injury. While much of the airway transcriptome is captured

with RNA-Seq of libraries enriched in polyadenylated tran-
scripts, librarypreparationprotocols thatmeasure the expres-
sion of non-polyadenylated RNAs are needed to completely
characterize the transcriptome, as are longer read lengths and
PE sequencing strategies, both of which yield a higher per-
centage ofmapped reads. Our results suggest that the expres-
sion of both protein-coding and non-protein-coding RNAs
are impacted by exposure to tobacco smoke and the presence
of lung cancer, and that long non-protein-coding RNAs that
wehavebegun to characterize in this studymaybe important
in the response to tobacco smoke in airway epithelial cells.
Larger sample sizes are needed to characterize the RNAs
uncovered in this study and to confidently assess transcript
splicing patterns and the presence of novel transcripts. Novel
coding and non-coding transcripts uncovered by RNA-Seq
provideamore completeportrait of the smoking-andcancer-
related airway field of injury have the potential to help
elucidate mechanisms of response to tobacco smoke and
to function as additional biomarkers of disease risk or novel
targets for chemoprevention.
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