


DOI:10.1158/1940-6207.CAPR-11-0212

RNA-Seq of Airway Epithelium

[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
Ilumina 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 Tllumina 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
|log,(fold change)| > log,(1.5) by both Cufflinks and
Scripture software|. These gene sets were checked for enrich-
ment of Gene Ontology molecular function categories by
usinggoseq (ref. 31; the background gene set was all genesin
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 |log,(fold change)| > log,(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 using microarray 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 = 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 = 0.33, 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 (r =
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 |log,(fold change)| > log,(1.5) or a
P < 0.05 (based on a ¢ 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 and NC
samples. The logarithmically transformed fold changes

www.aacrjournals.org

Cancer Prev Res; 4(6) June 2011

Downloaded from cancerpreventionresearch.aacrjournals.org on August 31, 2011
Copyright © 2011 American Association for Cancer Research

809


http://cancerpreventionresearch.aacrjournals.org/
http://www.aacr.org/

DOI:10.1158/1940-6207.CAPR-11-0212

Beane et al.

_ 25-
s
Healthy H
never smokers 3 “ ‘ W
&
0
25-
8
Healthy E
= | currentsmokers 7§
w 3
(V] 0 _
3 25-
5
Smokers without &
lung cancer k- l l ﬂ
. i A -
25-
8
Smokers with
lung cancer k|
&
I 0 _
- 2.5
Healthy =§ .
never smokers £ Figure 4. Read coverage plots of
H selected genes. For each plot, the
o ul reads normalized by the total
2'5’: number of reads (reads per million)
2 are displayed on the y-axis and the
Healthyk 1\53 genomic coordinates are
© current smokers 3 displayed on the x-axis. Within
g 0. each group (S vs. NS and C vs.
3 23 NC), the sample with higher
- ) éé expression is shown in black and
Smlokers without £ the sample with lower expression
ungcancer g is shown in gray. A, SCN3B
0 [ (sodium channel, voltage-gated,
25" type lll, beta), reads from samples
Kers with 2 processed using the NUGEN
Smokers wit s protocol are represented in the top
lung cancer °
3 4 panels and reads from samples
L 0 processed using the lllumina
RefSeq SCN3B . ' . . , protocol are represented in the
SCN3B bottom 4 panels. B, MUC5AC
B (mucin 5AC), reads from samples
650- processed using the lllumina
5 protocol are shown.
Healthy
never smokers
650~
Healthy
current smokers
0
650-
s
Smokers without %
lung cancer E
650~
]
Smokers with H
lung cancer 3
&
0
... ENSG00000117983, ENST00000406844, MUC5B-203, protein coding
Ensembl
ENSG00000215182, ENST00000358278, MUC5AC-001, processed transcript
810  Cancer Prev Res; 4(6) June 2011 Cancer Prevention Research

Downloaded from cancerpreventionresearch.aacrjournals.org on August 31, 2011
Copyright © 2011 American Association for Cancer Research


http://cancerpreventionresearch.aacrjournals.org/
http://www.aacr.org/

DOI:10.1158/1940-6207.CAPR-11-0212

RNA-Seq of Airway Epithelium

>

Log, S/NS fold change by microarray
1

T T T
=5 0 5

Log, S/NS fold change by RNA-Seq

W

1.5

1.0

0.5

Log, C/NC fold change by microarray
-0.5 0.0
|

-1.0

-1.5

Log, C/NC fold change by RNA-Seq

Figure 5. Correlation between RNA-Seq and microarray-detected expression differences between the NS and S samples. A, the log, fold change between the
S and NS samples on the Affymetrix Exon 1.0 ST microarray (y-axis) versus the log, fold change between the RPKM values for the S sample divided

by the RPKM values for the NS sample (y-axis). The fold changes between the platforms are significantly correlated (r = 0.36, P < 0.001) across genes
measured by both platforms and genes with a non-zero RPKM in the NS and S samples (n = 17,005). B, the log, fold change between the C and NC samples
on the Affymetrix HGU133A 2.0 microarray (y-axis) versus the log, fold change between the RPKM values for the C sample divided by the RPKM values
for the NC sample (y-axis). The fold changes between the platforms are significantly correlated (r= 0.16, P < 0.001) across genes measured by both platforms

and genes with a non-zero RPKM in the NC and C samples (n = 9,308).

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 =
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 = 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
[llumina protocol across the same C and NC samples
(r=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 [log,(fold change)| > log,(1.5) ora 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 log, 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 [|log,(fold change)| < log,(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 RT-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

www.aacrjournals.org

Cancer Prev Res; 4(6) June 2011

Downloaded from cancerpreventionresearch.aacrjournals.org on August 31, 2011
Copyright © 2011 American Association for Cancer Research

811


http://cancerpreventionresearch.aacrjournals.org/
http://www.aacr.org/

DOI:10.1158/1940-6207.CAPR-11-0212

Beane et al.

(abed Bbuimojjo) ayy uo panunuo)

N 3 3 Qo 1"0¥9000dY sd 0dn  $96¥£200000OSNI
M| 3 390 091dLSIN }'212.200V od odn 19298 100000DSNI
| 3 e ONDHH (uex21yo) Bojowoy | Jeke| J8No BuBIUIBW BUI|[BHA FOWA od 0dn  £5828L00000DSNI
M 3 2 ONDHH 2 eydje eselsjsueil-g suolyiein|d FAAES}9) od 0dn  /90¥¥200000DSNI
N 3 3 Q0 12222110V sd yNy! 0dn 1£807200000DSNI
| 3 0 ONBH L PaMull-A ‘v'S ulejoid [ewosoqu LAPSdYH od 0dn  $2862L00000DSNI
(eusbopnasd/auab) || Jequiawl
| H 2 ONOH ‘(uiwingreno) g epeyo ‘Jouqiyul esepnded uidies L LENIdH3S od 0dn  2/0902000009SN3
| 3 OONHH € Jequisw ‘(uiwngleno) g epe|o ‘onqiyul ssepidad uidies €aNIdd3s od 0dn  671250000009SN3
M 3 2 ONDHH | Jequisw ‘yg Ajiwey ‘uigojBoeloes LYegD0S od 0dn  SS019L00000DSNI
M 3 e /88200SNINAHL 8UOIO ‘sliy £6£97M1d YNAO 1'89% L00dV od sug  8/85£200000DSNI
| 3 Eee g wuojos! | ueloid Bujurejuoo-urewop Ajjwey |oss L'2e8 eIV od sua  /£06+200000DSNI
M 3 2 ONDHH 0GHOY LD uieloid paziisioeleyoun 0SHOY LD od suag  20859+00000DSNI
M H e L'€d08y—| Ldd sd suag  05+2£200000DSNI
| 3 e uAT eseupy uie0id-suISOIAL 2'9/19Y00V od sSua  62567200000DSNI
N 3 e 1'€0G2ISTY  sd ¥Nu/ sua  ¥092¥200000DSNI
N 3 e 1222200V sd yNg! sug L£807200000DSN3
N 3 3 Qo 1"819G000V YNYoUl| sdn 185872000009DSN3
M 3 3o ogp utejold Bumqiyui-ymmosb (e 2'95€ 00V od sdn  2985£200000DSNI
M 3 2 ONDHH I Buiureluod urewop HIA-AID LAAID od sdn G29181000009SN3
A 3 2 ONBHH 6Y epndadAjod ‘Ajiwey | esessysuesiAsouoinon|b 4an BYLLON od sdn  6111¥2000009SNI
M| 3 2 DNOH Aiwrey | eselsysuedyAsouoinonif 4an eviLoN od sdn  SeLErz00000DSNI
M 3 e ONDH (102 -3) g Bojowoy yjoq eviog od sdn 9££€81000009SN3
| 3 A Qo £G1dsel-gldd sd sdn  6805+2000009SN3
d H e ¥'2v26.00V d sdn 1852£2000009SN3
| 3 390 1'9G£6900V od sdn S¥0%7£2000009SN3
| 3 2 ONDHH G ‘Allwey v eseNY ‘esesjonuoqu ‘uiusbolbue DNV od sdn  $/2¥12000009SN3
N H e 2'e70£000V d sdn I H72£2000009SN3
M 3 e 87 L£0¥00000dSN3 uieloid pazusloeleyoun aAleind 1'68.E21LOV od sdn  85¥££Z00000DSNI
N 3 3 Qo 29102010V sd sdn  01¥S22000009SN
d H A Q90 S’ 1872000V d sdn  8505£200000DSNI
(1 susboueyie peyeloosse-g-1og)(L-Hve)
| 3 3 | JoyeinBes suosedeyd senosjow Ajiwe; Hyg LShY LTV od sdn  2/¥05200000DSN3
M 3 e ONOH 3 snooj ‘xejdwod g usbnue sihkooydwi| J9AT od sdn  2£609100000DSNI
| H A Qo 6'12M258-Gdd sd sdn 2.6522000009SN3
| H 2 ONBHH Buiwioy-eb/snonw opswohi|o ‘Oys uonw OVSONIN d sdn  2815+200000DSNI
snjels aseqejep auab adfolq
aun 924N0S pajeloossy :o_ua_gowwn_ auieu auay au/y uonoalig al l[quiesuz

bag-vNY AQq passaidxs Ajlenuasayip Apueoaiiubis pue Aeseosolw Agq pajyeboliaiul 10U Sausr) "L ajqel

Cancer Prevention Research

Cancer Prev Res; 4(6) June 2011

812

Downloaded from cancerpreventionresearch.aacrjournals.org on August 31, 2011
Copyright © 2011 American Association for Cancer Research


http://cancerpreventionresearch.aacrjournals.org/
http://www.aacr.org/

DOI:10.1158/1940-6207.CAPR-11-0212

RNA-Seq of Airway Epithelium

‘(Baireind = 4 ‘[oAou = N ‘Umouy = ) sniels auab pue ‘(BueaeH = H ‘|qwiasug = 3J) 924n0s ‘(oljewoINe
ONDH = B ONHH ‘(pereind) ONHH = 2 DNDHH ‘(e6a) paseg-auo|) = A 9o ‘(jqwasu3) paseq-auo|D) = J o) aseqeiep auab pajeioosse ‘uonduosap auab ‘sweu sauab ‘(susbopnasd
VN4 = sd yNy4 ‘1duosuesy passeooid = 1d ‘eusabopnasd = sd ‘Buipoo uigloud = od) adAloiq auab ‘ebueyd Jo uUoiROBIIP ‘| BUSK) |[qUISSUT :UOIBIOUUE GGA [qUISSUT UO paseq
auab yoes 1oy uaib s| uoiewolul Buimolioyay] “(isl| 918|dwod 8y} 4o} /S pue 9S so|qe | Arejuswa|ddng 9as) dnoib yoes 1oy) pajsi| aJe seuab passaidxs A|ybiy jsow Gg doray] :310N

N 3 390 1'G2 17800V WNHoU| o ug I L7872000009SN3
N H A Qo ¥'29568-1 Ldd d o ug £60/2200000DSN3
N H A Qo ¥'G29100dY d o ug 0£66£200000DSN3
| H A Qo L'7170.7-edd sd o ug #8292200000DSN3
M| 3 e ONOH g0} Bujurejuoos yeadss you suong) 9010441 od o ug 0S6%0200000DSN3
M 3 2 ONOH I eydje ‘uigojboway LvaH od oua 2/1902000009DSN3
| H 2 DNOH Buiwioy-pb/snonw opswobi|o ‘Oyg unw OVSONN d o ug 28151.200000DSN3
| 3 2 DONOH € pueby| (jnow H-D) suOWSYD €100 od Ddn  S5/0900000009SN3
| 3 2 ONOH 91V uieloid Buipuig wnioed 00+S 91v001S od 0dn  £7988100000DSNI
| 3 2 DONOH €| eseusbolpAysp (e10q-/1) ploseisAxoipAy €19/1asH od Ddn  60S0/1L00000DSN3
N 3 3 Q0 1'81E2100V sd Ddn  £¥Sy2z00000OSNI
| 3 30 871 £0700000dSN3 uteloid pazusloeleyoun aAieind 1'68.£210V od Ddn  85¥££200000DSNI
| 3 2 DNOH awely Buipess wesalisdn NdUNS 44NNS od Ddn  59271200000DSN3
N 3 390 1"0256000V WNYou| Ddn  /10/¥200000DSNI
d H A Qo S'0¥78000V d odn 0222£2000009DSN3
| H A Qo L'ed08t—1 Ldd sd Ddn  0S12£2000009SN3

snjels aseqejep auab adfoiq

auan 924N0S pajeloossy :O_“_.Q_.howwﬂ 2uieu auay 2uadn uonoalig al l[quiesuz

(p,Ju02) bag-yNY Aq passaidxe Ajenuasayip Ajueolyiubls pue Aewueosoiw AQ pajebolisiul 10U sausn) *| d|qel

813

Cancer Prev Res; 4(6) June 2011

www.aacrjournals.org

Downloaded from cancerpreventionresearch.aacrjournals.org on August 31, 2011
Copyright © 2011 American Association for Cancer Research


http://cancerpreventionresearch.aacrjournals.org/
http://www.aacr.org/

814

DOI:10.1158/1940-6207.CAPR-11-0212

Beane et al.
® S100A8
<
@
© S100A9
‘é B Figure 6. Correlation of differential
expression between RNA-Seq
@ CYP4F2 . and gqRT-PCR. Genes and
%) transcripts were selected as
CCL20 o lincRNA differentially expressed by
; RNA-Seq. A, log, fold change
=) (S/NS or C/NC; x-axis) derived on
GO NFKB1Af1 S Pseud the basis of samples processed
=z UE) seudo using the lllumina protocol (gray)
o versus log, fold change derived on
> IL8 ) the basis of gRT-PCR results
2 Z Pseudo wherein expression values for
8 SCGB3A1 (\\3, each phenotype (NS, S, NC, or C)
5 are averaged from 3 samples
e (black). B. Same as A, except the
SCGB1A1 8 ncRNA logs fold change is derived on the
basis of samples processed using
50 -25 0 25 50 50 -25 0 25 50 the NUGEN protocol (diagonal
lines).
Fold change (log,) Fold change (log,)
RNA-Seq (lllumina) N RNA-Seq (NUGEN)
Il oRT-PCR [l oRT-PCR

(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
[llumina 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
[llumina-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
[llumina 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
[lumina 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 = 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 = 0.59,
P < 0.001) within the set of genes detected by both pro-
tocols (n = 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 =
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 log, fold change >log,(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 log,(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), and CYP4F2, 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 and microarrays. 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 = 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
the biology of the smoking- and cancer-related airway field of
injury. While much of the airway transcriptome is captured
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