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RNA-seq in Pulmonary Medicine: How Much
Is Enough?

To the Editor:

RNA-seq is eclipsing microarray techniques to measure gene
expression in tissues (1) because of several factors including
reduced costs, increased sensitivity (1, 2), and the ability to detect
splice variants (1) and nonhuman sequences in the sample (3). We
investigated the use of RNA-seq to assess the transcriptome of
three types of tissues relevant to pulmonary research: bronchial
brushes obtained from healthy volunteers, normal human
bronchial epithelial (NHBE) cells cultured at the air–liquid
interface, and healthy whole-lung samples obtained from the Lung
Tissue Research Consortium (LTRC). Our analysis suggests that
40–60 million reads are sufficient to assess the majority of the host
transcriptome in these samples, whereas higher depths are needed
for very low expressed genes or rare splice variants. We also
analyzed read depths of human bronchial epithelial (HBE) cells
treated with IL-13 or IL-17 to determine whether inflammation
affects the parameters. Treatment with IL-13 or IL-17 showed no
significant effect on the results, suggesting that 40 million reads is
adequate to assess the transcriptome of HBE cells in either resting
or cytokine-stimulated conditions.

Methods

RNA sample collection and isolation. Healthy control participants
were recruited as part of the National Heart Lung and Blood
Institute’s Severe Asthma Research Program (4). Healthy controls
were defined as healthy atopic or nonatopic individuals with
normal lung function and without a history of chronic respiratory
conditions, including rhinitis requiring topical corticosteroid
treatment. A demographics table is included as Table E1 in the
online supplement.

Bronchial brushings were obtained from the fourth- to sixth-
generation airways, as previously described (5). Bronchial brushings
were placed directly into ice-cold Qiazol (Qiagen, Valencia, CA)
during the bronchoscopy to ensure minimal RNA degradation,
after which samples were stored at 2808C until RNA isolation,
using Qiagen RNeasy isolation kit (Qiagen). RNA was quantitated
using nanodrop, and integrity was determined with a total RNA
nano chip (Agilent Technologies).

The National Heart, Lung, and Blood Institute LTRC
obtained lung biopsies from patients with chronic obstructive
pulmonary disease undergoing lung volume reduction surgery,
transplantation, or resection for malignancies. In the latter case,
tissue from nontumorous portions were collected. Patient
phenotyping was determined by various methods including
medical questionnaires, chest computed tomography scans,
spirometry, 6-minute-walk tests, cardiopulmonary exercise tests,

lung volume measurements, arterial blood gas, and diffusing
capacity of carbon monoxide. Taking all of this information into
account, the final diagnosis was rendered by the Clinical
Center Site Principal Investigator.

Normal human bronchial/tracheal epithelial cells with retinoic
acid from healthy nonsmoking adults were purchased commercially
(Lonza, Allendale, NJ), subcultured to P2, and seeded on permeable
supports. They were grown in hormonally defined media at the
air–liquid interface for 2–4 weeks before use. Cells were stimulated
basolaterally with IL-17 or IL-13 (10–100 ng/ml) or vehicle control
for 48 hours before harvesting. Total RNA was collected using
Qiagen’s RNEasy Kit after passing whole-cell lysates through a
Qiashredder column.

RNA-seq analysis. The RNA-seq analysis methodology
was adapted from the previously published study on human
B-cells by Toung and colleagues (6). The full methodology
including library preparation is included in the supplemental
materials.

Results and Conclusions
The percentage of total reads aligning to the human genome
(National Center for Biotechnology Information 37.2) and the
percentage of uniquely mapped reads varied slightly across the six
different data sets (Table 1), whereas alignment rates remained
constant across sequencing depths within each data set. The
numbers of genes and gene isoforms detected are listed in Table E2.
To investigate the effect of sequencing depth on the detection of
genes and isoforms, the full read set was assumed to reflect the
complete collection and best expression estimates of genes and
isoforms within the data set, and then the number of genes and
isoforms detected at various fractions of the full read set was
assessed. As expression levels are a critical outcome measure for
RNA-seq studies, genes and transcripts that were within 10% of
their final (full read set) expression level were assayed across
various sequencing depths (Figures 1A–1H). The lines track the
results obtained at different depths of sequencing, and the color
intensities of the gray lines reflect ranges of gene and transcript
abundance (determined by fragments per kilobase of transcript per
million mapped reads [FPKM] value). For example, the lightest
gray line shows the performance of genes and transcripts with
FPKM values higher than 60, whereas the darkest gray line
represents rare genes and transcripts with FPKM values between
0.1 and 3.74.

Table 1. Total Number of Reads, Percentage of Total Mapped
Reads, and Percentage of Uniquely Mapped Reads as
a Percentage of Total Mapped Reads in Each Pooled Sample

Pooled Sample
Total
Reads

Total
Mapped

Reads (%)

Uniquely Mapped
Reads (% of Total

Mapped)

Bronchial brushes 88 million 90.6 86.7
NHBE 258 million 96.8 85.1
IL-13–treated HBE 170 million 96.1 84.1
IL-17–treated HBE 40 million 95.1 89.9
LTRC (healthy) 107 million 94.1 86.9

Definition of abbreviations: HBE = human bronchial epithelial cells; LTRC =
Lung Tissue Research Consortium; NHBE = normal HBE.
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In the bronchial brush data set, we detected 18,443 genes and
28,359 of their alternatively spliced transcripts. Consistent with its
lower FPKM value, the darkest line is shifted slightly downward
and to the right (Figure 1A), demonstrating that for the detection
of very low expressed genes, the relationship between detection
and sequencing depth is nearly linear. However, 95% of genes
with FPKM values higher than 3.74 that are within 10% of final
expression levels were detected with 40 million reads. Detection
of transcripts (which includes splice variants) required greater
read depths compared with genes. For example, 80 million reads
were needed to detect more than 95% of alternatively spliced
transcripts with FPKM higher than 3.74 that are within 10% of
final expression levels (Figure 1B). As this analysis was with
single-read data, we also analyzed two bronchial brush data
sets subjected to paired-end 150-bp sequencing with more than

100 million reads per sample (Figure 1C). The results were very
similar, in that more than 95% of genes with FPKM values higher
than 3.74 that are within 10% of final expression levels were
detected with 60 million reads, and genes with a FPKM values
higher than 7.5 were detected with 40 million reads. Moreover,
one of the paired-end bronchial brush data sets was from a male
sample (Figure E1A), whereas the other was from a female sample
(Figure E1B). We observed similar results in both samples with
a very small standard deviation (Figure 1C). We also repeated the
analysis, using a different reference genome (Figure E2). We
mapped the single-read data of the bronchial brush sample to an
Ensembl reference genome (release 76) and found that at 20
million reads, approximately 60% of genes with FPKM higher
than 3.74 were detected using the Ensembl annotation, whereas
more than 80% of genes were detected using the National Center
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Figure 1. The number of genes and transcripts detected in the pooled data sets were assumed to be “final” values. The percentages of these “final” values
detected at different sequencing depths were determined. (A) Detection of genes that are within 10% of final expression levels in the pooled 88-million-read
bronchial brush data set. More than 95% of moderately to highly expressed genes (fragments per kilobase of transcript per million mapped reads [FPKM]
higher than 3.74) that are within 10% of final expression levels are detected with 40 million reads in bronchial brushes. (B) Detection of transcripts that are within
10% of final expression levels in the pooled bronchial brush data set. The lines are shifted down and to the right compared with those in A, suggesting
that deeper sequencing is required for the detection of transcripts at relative rates of detection in A. (C) Paired-end data analysis for the detection of genes that
are within 10% of final expression levels in bronchial brushes. Shown are mean 6 SD FPKM values of two bronchial brush samples. More than 90% of
moderately to highly expressed genes (FPKM higher than 3.74) that are within 10% of final expression levels are detected with 60 million reads. (D) Detection
of genes that are within 10% of final expression levels in the pooled 258-million-read normal human bronchial epithelial (NHBE) cell data set. More than
95% of moderately to highly expressed genes (FPKM higher than 3.74) that are within 10% of final expression levels are detected with 60 million reads in the
pooled NHBE cell data set. (E) Detection of transcripts that are within 10% of final expression levels in the pooled NHBE cell data set. (F) Detection of
genes that are within 10% of final expression levels in the pooled 170-million-read IL-13–treated human bronchial epithelial (HBE) cell data set. (G) Detection
of genes that are within 10% of final expression levels in the pooled 40-million-read IL-17–treated HBE cell data set. (H) Detection of genes that are within
10% of final expression levels in the pooled 107-million-read Lung Tissue Research Consortium healthy whole-lung tissue data set.
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for Biotechnology Information annotation. The variation in the
results can be attributed to differences in the annotation of the
two databases. Both reference genomes yielded the detection of
approximately 90% of genes with FPKM higher than 3.74 at the
depth of 60 million reads.

In the NHBE cell data set, 17,063 genes and 26,557 of their
alternatively spliced transcripts were detected. More than 95% of
genes with FPKM higher than 3.74 that were within 10% of final
expression levels were detected with approximately 40 million reads
in the NHBE cells (Figure 1D). Again, the detection of transcripts
required greater read depths (Figure 1E). Cytokine treatment of
NHBE cells with IL-17 or IL-13 did not significantly affect the
results (Figures 1F and 1G). Analysis of LTRC healthy whole lung
indicated that approximately 60 million reads were needed to
detect more than 95% of genes with FPKM higher than 3.74 that
were within 10% of final expression levels (Figure 1G). This greater
read depth may reflect a greater diversity of cell types in whole-lung
tissue. Furthermore, while we used the threshold of 10% of final
expression levels as our criterion for gene and transcript detection,
we also analyzed the results of the NHBE cell data set at a 5%
threshold. We found that at 60 million reads, approximately 80% of
moderately to highly expressed genes (FPKM higher than 3.74)
were detected at the 5% threshold (Figure E3), whereas
approximately 95% were detected at the 10% threshold (Figure 1C).
As expected, the stricter the threshold, the lower the percentage of
detection.

Overall, our results show that modest depths of sequencing
are sufficient for the detection of the majority of genes and
alternatively spliced transcripts in the sample types that were
analyzed in this study. Reads depths of 40 million were adequate to
detect the majority of genes in bronchial brush and NHBE samples.
Although modest sequencing is sufficient for the detection of genes
and transcripts, our data suggest that deeper sequencing is
required for the accurate quantification of genes that are expressed
at low levels or rare splice isoforms. We have shown in prior
studies that RNA-seq has a much greater dynamic range than
hybridization-based microarrays (2), and this study suggests that
40–60 million mappable reads is a reasonable target for polyA1
libraries for bronchial brushes, HBE cells, and normal whole-lung
tissue to assess gene expression. Moreover, this analysis only
assessed host transcripts, so for studies involving nonhost RNAs
or noncoding RNAs, read depths would need to be determined.
Lastly, we used FPKM as a means to quantify gene abundance.
The FPKM measure has been critiqued, particularly when
mapping efficiency varies across samples (7), and thus other units
of measurement have been recommended to quantify transcript
abundance (8). To this end, we have deposited our raw data in the
short read archive (PRJNA275422) to allow alternative analysis.
Although the depth of sequencing will ultimately be determined
by the goal of a project, the analysis presented here provides
guidelines that are useful in defining parameters for RNA-seq
experiments that in turn have the potential to improve the efficiency
and cost-effectiveness of sequencing-based studies of these types of
samples. n
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