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accumulation of oxidized proteins and/or ROS in NNS fibroblasts
may be one of the mechanisms responsible for the accumulation
of p-p38 (29, 30, 38, 39). Increased p-p38 levels are in agreement
with the proposed mechanism for TNFR1-associated periodic
syndrome (TRAPS), which is another autoinflammatory syn-
drome (40).

To date, proteasome inhibitors have been used clinically to
treat multiple myeloma and mantle cell lymphoma and are also
effective for experimental autoimmune and inflammatory phe-
notypes, such as arthritis (37) and systemic lupus erythematosus
(41). Generally, it is said that proteasome inhibitors induce apo-
ptosis and inhibit immune responses. However, our results in-
dicate that inhibiting the immunoproteasome can induce inflam-
matory reactions under some circumstances. In this context, the
PSMBE mutation in NNS can be mimicked by histiocytoid Sweet
syndrome (42) and cutaneous vasculitis (43) induced by borte-
zomib, a nonspecific proteasome inhibitor.

Taken together, the data in the present study suggest that
reduction in proteasome activity affects signal transduction and
promotes inflammation (Fig. 5). In NNS$ patients with the
PSMBS8 mutation, inflammation causes ubiquitinated proteins to
accumulate (compounding the effects on joints, skin, and muscle).
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These intracellular aggregates may then trigger innate immune
responses and increased ROS production (increasing the levels
of oxidized proteins), which then, through the activity of p-p38,
activate the AP1 transcription factor causing an increase in the
secretion of various cytokines such as IL-6.

Materials and Methods

Homozygesity Mapping. The genome-wide ROH overlap pattern was detected
using in-house Ruby script (available on request) (44).

Glycerol Density Gradient Separation. Proteins from cell extracts (600 ig) were
separated into 32 fractions by centrifugation (22 h at 100,000 x g) in8-32 %
(volivol) linear glycerol gradients.

Additional materials and methods are available in 5/ Materials and Methods.
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Abstract

development phases after trial and error.

workflows.

Background: In bioinformatics projects, scientific workflow systems are widely used to manage computational
procedures. Full-featured workflow systems have been proposed to fulfil the demand for workflow management.
However, such systems tend to be over-weighted for actual bioinformatics practices. We realize that quick
deployment of cutting-edge software implementing advanced algorithms and data formats, and continuous
adaptation to changes in computational resources and the environment are often prioritized in scientific workflow
management. These features have a greater affinity with the agile software development method through iterative

Here, we show the application of a scientific workflow system Pwrake to bicinformatics workflows. Pwrake is a
parallel workflow extension of Ruby's standard build tool Rake, the flexibility of which has been demonstrated in
the astronomy domain. Therefore, we hypothesize that Pwrake also has advantages in actual bioinformatics

Findings: We implemented the Pwrake workflows to process next generation sequencing data using the Genomic
Analysis Toolkit (GATK) and Dindel. GATK and Dindel workflows are typical examples of sequential and parallel
workflows, respectively. We found that in practice, actual scientific workflow development iterates over two phases,
the workflow definition phase and the parameter adjustment phase. We introduced separate workflow definitions
to help focus on each of the two developmental phases, as well as helper methods to simplify the descriptions.

This approach increased iterative development efficiency. Moreover, we implemented combined workflows to
demonstrate modularity of the GATK and Dindel workflows.

Conclusions: Pwrake enables agile management of scientific workflows in the bioinformatics domain. The internal
domain specific language design built on Ruby gives the flexibility of rakefiles for writing scientific workflows.
Furthermore, readability and maintainability of rakefiles may facilitate sharing workflows among the scientific
community. Workflows for GATK and Dindel are available at http://github.com/misshie/Workflows.

Background

The concept of workflows has traditionally been used in
the areas of process modelling and coordination in indus-
tries [1]. Now the concept is being applied to the compu-
tational process including the scientific domain. Zhao
et al. found that general scientific workflow systems are
employed in and applied to four aspects of scientific
computations: 1) describing complex scientific proce-
dures, 2) automating data derivation processes, 3) high-
performance computing (HPC) to improve throughput
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and performance, and 4) provenance management
and query [2]. Although naive methods such as shell
scripts or batch files can be used to describe scientific
workflows, the necessity of workflow systems arises to
satisfy the four aspects mentioned above. Therefore, full-
featured scientific workflow systems including Biopipe
[3], Pegasus [4], Ptolemy II [5], Taverna [6], Pegasys [7],
Kepler [8], Triana [9], Biowep [10], Swift [11], BioWMS
[12], Cyrille2 [13], KNIME [14], Ergatis [15], and Galaxy
[16] have been applied in the bioinformatics domain.
Their features, however, have some disadvantages for
actual practices in bioinformatics. It is not always easy to
describe actual complex workflows using graphical work-
flow composition, and some workflow language formats,

© 2011 Mishima et al; licensee BioMed Central Ltd. This is an open access article distributed under the terms of the Creative Commons
Attribution License (http/creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.
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such as XML, are not very readable for humans. More-
over, these workflow systems often require wrapper tools,
which are called “shims”, to handle third-party unsup-
ported existing code or data sources [17,18]. This some-
times obstructs quick deployment of newer tools. In
actual bioinformatics projects, we realized that scientific
workflow systems often require quick deployment of cut-
ting-edge software to implement new algorithms and
data formats, frequent workflow optimization after trial
and error and in following changes in computational
resources and the environment. The agile software devel-
opment method considers similar problems in software
development projects. Kane et al. summarized this by
stating that “Agile is an iterative approach to software
development on strong collaboration and automation to
keep pace with dynamic environment”, and “Agile meth-
ods are well suited to the exploratory and iterative nature
of scientific inquiry” [19]. Therefore, scientific workflow
systems require both rigidity in workflow management
and agility in workflow development.

One of the traditional solutions for balancing the two
aspects of a workflow system is the make command, a
standard build tool in the Unix system. The make com-
mand interprets a Makefile, which defines dependen-
cies between files in a declarative programming manner,
and then generates the final target by resolving depen-
dencies, by only executing out-of-date steps. This
approach has been extended to cluster environments
such as GXP make [20]. However, the make-based
approach has limitations in describing scientific work-
flows because it is intended for building software. For
example, it is difficult to describe the “multiple instances
with @ priori runtime knowledge” pattern, which is one
of the workflow patterns defined by Van der Aalst et al.
(1], in makefiles without external tools. In this pattern,
the number of instances is unknown before the work-
flow is started, but becomes known at some stage dur-
ing runtime. In other words, this situation requires
dynamic workflow definition at runtime. This pattern
appears frequently in scientific workflows as well as
embarrassingly parallel problems. Introduction of inter-
nal domain specific languages (DSLs) to workflow
description is an approach to overcome this limitation.
Internal DSLs are implemented as libraries of the host
languages. Thus, an internal DSL retains the descriptive-
ness of the host language.

Introduction of the internal DSL into make-like work-
flow systems has been shown in object-oriented scripting
languages including Python [21] and Ruby [22]. An
implementation in Python is Ruffus [23], which is a
scientific workflow system supporting execution limited
to out-of-date stages, dynamic workflow definition, flow-
chart generation, and parallelism. PaPy [24], another
workflow system in Python, was implemented with a
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modular design and offers parallel and distributed work-
flow management. On the other hand, the Ruby pro-
gramming language also has a greater affinity to the
internal DSL approach because of its flexible syntax,
including omissible parentheses and a code-block gram-
mar [25]. Rake [26] is a ‘Ruby Make’, which is a build
tool with workflow definition implemented as an internal
DSL in Ruby and a standard library of Ruby version 1.9
or later. Rake supports execution of workflows limited to
out-of-date stages and dynamic workflow definition dur-
ing workflow execution. The following is a simple exam-
ple of a workflow definition file, a Rakefile:

1: CC = “gcc”

2: rule ‘.o’ => ‘.c¢’ do |t]

3: sh “#{cC} -c #{t.source}”

4: end

5: file “sample” = > ["sample.o"] do |t]

6: sh “#{cc} -o #{t.name} #{t.
prerequisites}”
7: end

8: task :default = > “sample”

This example defines a workflow to generate an
executable sample from sample.c via sample.o. If
sample.c is out-of-date, i.e., older than sample.o,
Rake skips compiling sample.c and just links sam-
ple.o to generate sample. Note that the grammar of
the rakefile is fully compatible with that of Ruby.

Recently Tanaka and Tatebe developed Pwrake [27], a
parallel workflow extension of Rake. Pwrake has been
demonstrated to be a flexible scientific workflow system in
the astronomy domain [28]. It interprets rakefiles that are
fully compatible with Rake. Pwrake supports parallelism
by automatically detecting parallelizable tasks and execut-
ing them via SSH connections. Pwrake generates a flow-
chart as a directed acyclic graph in the DOT language,
which is then visualized by software such as Graphviz [29].
Although we focus on workflow management using a local
multiprocessor and multicore environment, Pwrake can be
used with computer clusters together with the support of a
distributed filesystem such as NFS. Pwrake is especially
designed for scalable parallel I/O performance using the
Gfarm global distributed filesystem [28,30].

In this paper, we show agile workflow management
using Pwrake in the bioinformatics domain.

Implementation

Rakefiles

In actual bioinformatics workflow development, we
found that the scientific workflow development iterates
over two phases, the workflow definition phase and the
parameter adjustment phase. The former focuses on the
functional combination and order of tasks, while the lat-
ter focuses on the optimization of command-line para-
meters for invoking tools. We therefore, designed
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separate rakefiles corresponding to these two phases.
Task dependencies are defined in Rakefile, while
command-line programs and parameters are defined in
Rakefile. invoke. To simplify the description, we
also implemented a file to define helper methods,
Rakefile.helper (Figure 1).

Rakefile is the main and default task definition file.
It loads two other rakefiles, sets target filenames in con-
stants, and declares task dependencies. Other rakefiles
are loaded by the Kernel#load method to enable
reloading to reflect changes immediately.

Rakefile.invoke defines a class with a unique
name in the RakefileInvoke module. In the class, paths
to commands and common files, as well as adjustable
parameters are set to constants. It also defines methods
to invoke command-lines using FileUtils#sh meth-
ods. These methods are defined as singleton methods
(eigenmethods) of the class. This is an internal DSL
technique in Ruby to enable invocation in rakefiles as in
“RakefileInvoke: :Gatk::command t, opts
where t is an instance of the Rake: : Task class and
opts is a hash object containing the optional informa-
tion to invoke commands. Rakefile.helper defines
helper methods to simplify the rakefile descriptions. For

N

Rakefile Rakefile.invoke
[ task ] |Reke:Tosk i
tas ake: Task| 4] command-line |
A S
task 4 command-line |
T
4 command-line ]
%
I \ .
l m command-line |
- J
Rakefile.helper
|[helper method]

Figure 1 Structure of distinct rakefiles. A Rakefile file consists
of task dependency descriptions. Tasks may be executed in parallel,
if possible automatically. The rakefile. invoke file defines a
class of the RakefileInvoke module. This class defines class
methods to invoke command-lines and constants of command
paths and parameters. Tasks in the rakefile call methods with an
instance of the Rake: : Task class and a hash containing
additional parameters for invoking the command-line. The
Rakefile.helper file defines helper methods to simplify

descriptions in the Rakefile and Rakefile. invoke files.
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example, the suffix method in the top level allows
the replacement of the filename suffix using expressions
with arrows. Additionally, Pwrake requires a nodefile to
specify hostnames and maximum numbers of processes
to be submitted via SSH connections. A nodefile declar-
ing a local machine that can execute 16 processes simul-
taneously is set as “localhost 16

Command-lines to start the workflow using Rake and
Pwrake are “rake” and “pwrake NODEFILE = node-
file" respectively. By default, Rake and Pwrake load
the file called “Rakefile” in the current directory.
Rakefiles are usually placed in the topmost directory in
a project file tree. To simplify provenance management,
we recommend that each project file tree has its own
copy of the rakefile.

Example workflows

To demonstrate the workflows described in Pwrake rake-
files, we implemented two kinds of workflows for the
Genome Analysis Toolkit (GATK) [31,32] and Dindel
[33] using rakefiles. Both GATK and Dindel have been
used in whole genome sequencing projects including the
1000 genomes project [34]. We selected GATK and
Dindel as typical examples for sequential and parallel
workflows, respectively. Furthermore, we implemented a
combined workflow loading externally defined GATK
and Dindel workflows to show the modularity thereof.

The GATK workflow

GATK is a program suite written mainly in Java to pro-
cess mapped reads obtained from massively parallel
sequencing data to detect genetic variants including sin-
gle nucleotide variants (SNVs). The GATK development
team offers several recommended workflows depending
on the samples and analyses. We implemented their ‘bet-
ter’ workflow (Figure 2A). In Rakefile, the Rake-
file: :Gatk class defines constants indicating the
target files in each step of the workflow. These constants
are used to define the : default task to obtain the final
product of the workflow. In Rakefile. invoke, the
RakefilelInvoke: :Gatk class defines constants indi-
cating the file paths to executables and downloaded pub-
lic data files, such as the reference genome sequence and
dbSNP data. These help the workflow configuration in
other environments and improve readability. The class
also defines methods to execute command-lines for each
step in the workflow.

The Dindel workflow

Dindel is a suite of tools for detecting small genetic
insertions and deletions (indel) from massively parallel
sequencing data. The overview of the rakefile structure
for GATK and Dindel is the same; however, a Dindel
workflow is a good example of a paralle] workflow using
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Figure 2 Directed acyclic graphs of GATK and Dindel workflows. Directed acyclic graphs to describe GATK (A) and Dindel (B) workflows are
generated by Pwrake, manually adjusted, and visualized using Graphviz. (A) depicts a workflow from a * . bam file to an all snvs.
filtered.vcf, while (B) depicts a workflow from a * .bam file to a *.dindel.vcf file. Tasks to process the * . dindel .

realign windows.N.txt files are dynamically generated during the embarrassingly parallel stage (stage 3) depending on *.dindel.
libraries.txt and *.libralies.txt. Prior to stage 3, an option ‘~numWindowsPerFile 1000" is applied to makeWindows .py
to generate 11 files containing windows. File * .didndel_reagion_ window is a dummy file representing all the * . dindel .
realign_windows.N.txt files.

*.dindel.realign_windows.7.

I:.dindel.output_regions.1 1 ,glf,txt!

l *.dindel.realign_windows.11 M{

the dynamic task definition (Figure 2B). Such a work- 1: # Rakefile

flow generates many intermediate files. In the authors’ 2: task :stage3 = > :stage2 do

experience, one human exome generates more than 300 3: Rakefile::Dindel::BAM.each do |bam]
“window” files, where each window file can contain a 4 prefix =

maximum of 1000 windows. These intermediate window 5: bam.sub (/\.bam$/, “.dindel.
files are named systematically; however, the number of realign windows”)

window files is unknown prior to the workflow execu- 6: FileList ["#{prefix}.*.txt"] .each
tion. A rakefile can describe this situation using a do |£f|

dynamic task definition. Furthermore, Pwrake can auto- 7: target = f.sub(/\.realign win-
matically detect tasks that can be executed in parallel. dows\./,

The following is an example of dynamic task definition 9: " .output regions.”).

codes based on the stage 3 definition of the Dindel 6: sub (/\.txt$/, “.glf.txt”)

workflow in Rakefile and Rakefile.invoke. 7: prerequisites =
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8: [£,

9: f.sub(/\.dindel\.realign windows
\..*/, “.bam”),

10: f.sub(/\.dindel\.realign windows
\..*/,

11: 7 _dindel.libraries.txt”),]

12: file target = > prerequisites do
le]

13: RakefileInvoke: :Dindel.din-
del stage3 t

14: end

15: file :stage3_invoke = > target

16: end

17: end

18: (task :stage3_invoke) .invoke

18: end

1: # Rakefile.invoke
2: def dindel stage3 (t)
3: sh [DINDEL,

4: "—analysis indels”,

5: "-doDiploid”,

6: "-bamFile #{t.prerequisites([1]}”,

7. "-ref #{REFERENCE}",

8: "-varFile #{t.prerequisites([0]}”,

9: "-libFile #{t.prerequisites[2]}”,

10: "—outputFile #{t.name.sub (/\.glf
\.txts/, V) },

11: "1 > #{t.name.sub(/\.glf\.txts/,
w)}.log 2 > &1”,

12: ] .join(” )

13: end

In this sample rakefile, the : stage3 task expects that
the previous task :stage2 generates files that are
named *.dindel.realign windows.N.txt,
where N is the serial number of the intermediate file.
The maximum value of N is unknown prior to execu-
tion of the : stage2 task. The dependency of the fol-
lowing stages can be defined using the task name :
stage3.

Pwrake automatically detects that : stage3 consists
of independent £ile tasks and executes them as an
embarrassingly parallel stage. In the : stage2 definition
in Rakefile.invoke, the granularity of parallelism
can be defined by the “~numWindowsPerFile” option
of makeWindows .py. For the exome dataset aligned to
chromosome 21, we used 1000 and 1 for this option
and obtained 11 and 3381 intermediate realign -
windows files, respectively.

Combination of rakefiles

Existing rakefiles can be combined by being loaded into
another rakefile. Constants and methods defined in
rakefile.invoke files have independent name-
spaces. Moreover, a task with the same identifier, such
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as the :default task, can be defined multiple times
and thus can be appended. Pwrake and Rake do not
overwrite, but append the files. For example, a rakefile
to define GATK and Dindel workflows simultaneously
simply contains the following:

1: load “../GATK/Rakefile”

2: load “../Dindel/Rakefile”

Results

Performance

To evaluate the performance of the GATK and Dindel
workflows, we analysed publicly available short read
sequence data using a Linux system that can execute 16
concurrent threads (2 processors x 4 cores with hyper-
threading). Whole genome sequencing data [35] obtained
from a HapMap [36] JPT sample NA18943 was used as
the test dataset. The dataset was mapped to the GRCh37
referential genome sequence using the Burrows-Wheeler
Alignment tool (BWA) [37] to generate a SAM file [38].
The SAM file was converted to a BAM file using Picard
[39]. Reads mapped on chromosome 21 were used as
initial data for both the GATK and Dindel workflows. We
executed both Rake and Pwrake with the same rakefiles to
compare the performance with parallelism. The wall-clock
times for the GATK workflows executed by Rake and
Pwrake were almost identical (approximately 12.0 min).
We assume that this is due to the high sequentiality of the
workflow. For the Dindel workflow, we assessed different
parallelism granularities. When the task was divided into
11 processes in stage 3, the Dindel workflow executed by
Pwrake was 2.6 times faster (approximately 6.0 min) than
that by Rake (approximately 15.5 min). When the task was
divided into 3381 processes in stage 3, the Pwrake execu-
tion was 4.6 times faster (approximately 4.0 min) than the
Rake execution (approximately 18.3 min). While the ideal
parallel acceleration efficiency was 16 times for our com-
puter environment, the actual efficiency differed. These
results can be explained by the fact that the required
CPU-time to finish each process was uneven, and a few
heavy processes were bottlenecks in the workflow execu-
tion. This is a limitation of process-based parallelism
because of the relatively coarse parallelization granularity.

Agility in workflow development
A characteristic of agile software development is the
iterative development process. We introduced an agile
scientific workflow development that employed the itera-
tion of two developmental phases, ie., the workflow defi-
nition phase and the parameter adjustment phase. In
each phase, our implementation of distinct rakefiles
enabled the separate files to be modified. This separation
increased efficiency in the iterative development.

Here, we show an example of the iterative develop-
ment in our GATK workflow. In the workflow definition
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phase, we focus on describing a task dependency in a
rakefile as shown below:

1: rule '.dedup.bam.intervals’ = >

2: [suffix proc(”.bam.intervals” = > “.
bam”) ] do |t|

3: RakefileInvoke::Gatk.gatk rea-
ligner target creater t
4: end

Next, in the parameter adjustment phase, we focus on
describing command-line parameters for invoking exter-
nal tools in the rakefile.invoke such as the following:

1: def gatk realigner target creater (t)

2: sh [Java,

3: "-Xmx#{JavaMemory}”,

4: "-Djava.io.tmpdir = #
{JgavaTempFile}”,

5: "-jar #{GATK JAR}",

6: "-T RealignerTargetCreator”,

7:  "-R #{REFERENCE}”,

8: "-o #{t.name}”,

9: "-I #{t.source}”,

10:  "-D #{DBSNP}”",

11: RakefileInvoke: :Gatk::
INTERVAL OPTION,

12: " > #{t.name}.log 2 > &1”,

13:  ].join(” ™)

14: end

Note that all constants with names starting with upper-
case letters are defined at the top of the file, rakefile.
invoke. The next iteration starts with the workflow defi-
nition phase again to extend the workflow. Modification
or optimization after the workflow has completed can be
achieved by iterating the same two phases using two dis-
tinct files. Separating the rakefiles simplifies finding files
and places to be modified.

Procedure to describe new workflows
As a summary of the agile workflow development, the
general procedure for describing new workflows in
Pwrake is given below.

1) Workflow definition phase. Describe file dependen-
cies in Rakefile.

1: task “output.dat” = > “input.dat” do |
t]

2: RakefilelInvoke::generate target t

3: end

2) Parameter adjustment phase: Define the Rakefi-
leInvoke: :generate target method in Rake.
invoke.

1: module RakefileInvoke

2: def generate target (t)

3: sh “command-line #{t.prerequisite}
> #{t.name}”
4: end
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5: end

3) Iteration of phases. Parameter adjustments require
modifications to Rakefile.invoke only. Similarly,
changes in file dependencies require modification to
Rakefile only.

Discussion

Advantages in workflow execution

Workflows involving actively developed software packages,
such as GATK, require frequent updates of details, such as
combinations of data and programs, recommended para-
meters, and command-line options. Thus, well-organized
workflow management helps GATK users to follow
updates and process their data in improved workflows. A
GATK workflow consists of multiple steps and takes a
relatively longer time to finish. Pwrake has advantages of
continuous execution of workflow tasks and selective task
execution to ignore already executed tasks. Such ignorable
tasks can be obtained from unexpected workflow suspen-
sion. Thus far, Pwrake cannot automatically remove out-
put files containing partial results; such files have to be
removed manually prior to restarting the workflow.

For the Dindel workflows, the parallelism offered by
Pwrake improved performance. The parallelization model
of Pwrake is process-based. Parallel programs based on
technologies such as message passing interface (MPI) [40]
enable efficient parallelization with fine granularity. How-
ever, scientists implementing bioinformatics software
often focus not on parallelization, but on the novel imple-
mentation methodology. Therefore, process-based paralle-
lization using non-parallel programs is a realistic solution
and still has the advantage {41]. Furthermore, process-
based parallelization can be efficient enough for embar-
rassingly parallel problems that can easily be separated
into independent tasks and executed in parallel. For exam-
ple, a stage in the Dindel workflow creates multiple inter-
mediate files. Processes using these files as input are
independent and do not need to communicate with each
other. This stage is a typical embarrassingly parallel pro-
blem. Although the GATK framework supports the func-
tional programming concept of MapReduce [42] and
parallelism in the GATK framework is expected to
improve its performance, it has only been supported to a
limited extent by GATK components to date. Therefore,
Pwrake still has the advantage with respect to parallelism.

Workflow description flexibility

One of the advantages of using an internal DSL is that
the power of the host language is also available in the
DSL scripts. The rakefile description is an internal DSL
in Ruby, which is a programming language with a shallow
learning curve for biologists [43]. Thus, rakefiles can
make full use of the control flow features of Ruby, as well
as the rich libraries for text processing, file manipulation,
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network access, and so on. In particular, the BioRuby [44]
library offers highly abstracted data processing methods
for bioinformatics.

Sharing workflows

One of the key characteristics of agile software develop-
ment is strong collaboration among all the people involved
in the project. This can be accomplished naturally in pro-
jects in small laboratories. However, the nature of science
is a global collaboration. Indeed, efforts to share and reuse
workflows in the science community, such as the myEx-
periment project [45] and Wf4Ever [46], have already been
started. From this point of view, the simplicity and read-
ability of the rakefile DSL are advantageous, and improve-
ment of helper methods to standardize the scripting style
on the “Do not Repeat Yourself (DRY)” principle may
enhance the advantages.

Conclusions

We have shown an appreciation of Pwrake as an agile
parallel workflow system suitable for the bioinformatics
domain using examples of GATK and Dindel workflows.
Pwrake is able to invoke command-line tools without any
“shims”, define tasks dynamically during the workflow
execution, and invoke tasks automatically in parallel.
Separating a rakefile into two files for the workflow defi-
nition phase and the parameter adjustment phase
increases the efficiency of the iterative workflow develop-
ment. The nature of scientific projects is explorative and
iterative. This is also a characteristic of agile software
development. Another aspect of agile development, the
reliance on the strong collaboration, may be enhanced by
sharing and reusing workflows among the scientific com-
munity by taking advantage of the simplicity, readability
and maintainability of rakefiles.

Availability and requirements

Project name: Workflows
Project home page: http://github.com/misshie/Workflows
Operating system(s): Platform independent
Programming language: Ruby 1.9.1 or higher
Other requirement: Pwrake or Rake
License: the MIT license
Any restrictions for use by non-academics: none

Availability of supporting data

Sample short read data for workflow evaluation:
http://trace.ddbj.nig.ac.jp/DRASearch/experiment?
acc=DRX000358

List of abbreviations used
HPC: high-performance computing; DSL: domain specific language; GATK:
Genome Analysis Toolkit; SNV: single nucleotide variant; BWA: Burrows-
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Wheeler Alignment tool; MPl: message passing interface; DRY: do not repeat
yourself.
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Abstract

Aim: To investigate the pre-vaccination epidemiology of genital human papillomavirus (HPV) infections and
genotypes in women with abnormal cytology in Nagasaki, Japan.
Material and Methods: We performed Pap smear tests, biopsies and HPV genotype testing in Nagasaki

Prefecture from August 2007 through November 2009.

Results: During the study period, serial samples of uterine cervical specimens were obtained from 539
subjects with abnormal cytology and/or squamous intraepithelial lesions (SIL) confirmed previously, or with
clinically suspected invasive cervical cancer. In 119 HPV-positive subjects with low-grade SIL, the three most
prevalent high-risk HPV genotypes were HPV52 (21.8%; 26/119), HPV16 (20.2%; 24/119) and HPV56 (17.6%;
21/119). In 199 women, 127 HPV-positive subjects with high-grade SIL and 67 HPV-positive subjects with
squamous cell carcinoma (SCC), the three most prevalent high-risk HPV genotypes were HPV16 (44.3%;
86/194), HPV52 (20.6%; 40/194) and HPV58 (16.0%; 31/194).

Conclusion: Compared with the distribution of high-risk HPV genotypes in other countries, HPV52 was a
more common genotype in Nagasaki. With disease progression to SCC, the distribution of high-risk HPV56
belonging to the A6 HPV family decreased, while HPV16 and HPV52 belonging to the A9 HPV family
persisted. Our data provide an important resource to address the case for vaccination against HPV genotypes

other than HPV16 and HPV18 in Japan.

Key words: epidemiology, genotype, human papillomavirus, infection, uterine cervical neoplasia.

Introduction

Persistent infections with human papillomavirus
(HPV) are recognized as a major cause of cervical
cancer. Genital infections with HPV are very common,
and these infections are transmitted by sexual contact.!
However, HPV infections in most cases disappear
naturally in a relatively short period, and induce little

risk of developing disease.** We do not fully know the
pathological mechanism that results in HPV infection
developing into invasive cervical cancer (CC). During
persistent infection, different viral characteristics along
with HPV genotype may be important, such as the
distribution of each type in the population and the
ability to evade the host’s immune system. Another
important factor in persistent infection could be related
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to the host, such as the host immune reaction against a
specific HPV genotype, and sexual behavior.

The distribution of infectious high-risk HPV geno-
types and the prevalence of CC in women varies world-
wide. Clarification of the relation between clinical
characteristics of CC and specific HPV genotypes in a
local region may lead not only to implementation of a
preventive strategy in that region, but also to an eluci-
dation of the natural history of HPV infections com-
pared with other regions in the world. In Japan, data on
the distribution of HPV genotypes remains inadequate.
To evaluate the possible effect of an HPV vaccine, we
require knowledge of the pre-vaccination epidemiol-
ogy of genital HPV infections. Thus, to determine the
distribution and natural history of HPV infections in
Nagasaki, Japan, we performed HPV genotype testing,
cervical cytology and colposcopic biopsies.

Methods

Study population

The study included 625 subjects with abnormal cytol-
ogy and/or histologically confirmed squamous
intraepithelial lesions (SIL), or with clinically sus-
pected invasive CC who required examination by col-
poscopy and directed biopsy. Cytology and HPV DNA
test samples were collected in five hospitals in
Nagasaki Prefecture from August 2007 through
November 2009. Exclusion criteria were patients who
had received therapeutic excisions previously or who
had non-squamous neoplasms confirmed histologi-
cally. Thus, 86 subjects were excluded from the study.

The study protocol was approved by the Ethical
Review Board of Nagasaki University and the other
hospitals involved. All women were informed of the
purpose of the study and gave their consent.

Sample collection and pathologic diagnoses

Specimens were collected using a Cervex Brush
(Rovers Medical Devices, the Netherlands) and sus-
pended in 10mL of SurePath preservative fluid
(Becton, Dickinson & Co., Franklin Lakes, NJ, USA).
We used the samples from the same vial for cytology
with the Bethesda III system (2001) and for HPV geno-
type testing. Cervical specimens for cytology and HPV
genotyping were obtained at each visit from partici-
pants who received regular follow-up examinations.
The cytologic diagnoses of the specimens were per-
formed by experienced cytoscreeners in a commercial
laboratory (SRL, Inc., Tokyo, Japan), and they were
blinded from the HPV genotyping test. The histopatho-

© 2011 The Authors
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logical review was performed by experienced path-
ologists of the Division of Pathology at Nagasaki
University Hospital.

HPV genotyping test

Genotyping of HPV DNA in the SurePath preservative
fluid after preparing glass slides was carried out using
the Linear Array HPV Genotyping Test kit (Roche
Molecular Systems, Indianapolis, IN, USA). The kit
uses the PGMY09/PGMY11 primers® to amplify the L1
conserved region. Following polymerase chain reac-
tion amplification, hybridization of the HPV amplicon
was performed using an array of oligonucleotide
probes that allowed independent identification of indi-
vidual HPV genotypes. This kit can detect 37 HPV
genotypes (6, 11, 16, 18, 26, 31, 33, 35, 39, 40, 42, 45, 51,
52, 53, 54, 55, 56, 58, 59, 61, 62, 64, 66, 67, 68, 69, 70, 71,
72,73 (MMD9), 81, 82 (MM4), 83 (MM?7), 84 (MMS8), 1S39
and CP6108 (89)). For consistency with previous
studies, we considered 16 HPV genotypes (16, 18, 31,
33, 35, 45, 51, 52, 53, 56, 58, 59, 66, 68, 73 and 82) as
high-risk genotypes, which are related to CC based on
previous reports.*®

Results

Uterine cervical specimens for cytology and HPV DNA
testing were collected from 539 women, with a mean
age of 42 years in the age range of 19-94, with abnor-
mal Pap smears and/or previously confirmed squa-
mous intraepithelial lesions (SIL) or with clinically
suspected invasive CC. In 154 subjects who were nega-
tive for intraepithelial lesion or malignancy (NILM),
HPV was positive in 67 women (43.5%), with a mean
age of 41 years at their initial HPV DNA test. The three
most prevalent high-risk HPV genotypes in the NILM
group were HPV 52 (23.9%; 16/67), HPV 16 (23.9%;
16/67) and HPV 71 (11.9%; 8/67) (Fig. 1a). In 125 sub-
jects with cytologically low-grade SIL (LSIL), HPV was
positive in 119 women (95.2%), with a mean age of
40 years at their initial test. The three most prevalent
high-risk HPV genotypes were HPV 52 (21.8%;
26/119), HPV 16 (20.2%; 24/119) and HPV 56 (17.6%;
21/119) (Fig. 1b). In 128 participants diagnosed with
cytologically high-grade SIL (HSIL), HPV infection was
present in 127 women (99.2%), with a mean age of
41 years. In 71 women diagnosed cytologically with
squamous cell carcinoma (SCC), HPV infection was
positive in 67 women (94.4%), with a mean age of
56 years. In these latter two groups, the three most
prevalent high-risk HPV genotypes were HPV 16
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Figure 1 Prevalence of human

papillomavirus (HPV) genotype
among participants who were

diagnosed with NILM (a), par-
ticipants who were diagnosed

with LSIL (b), participants who
were diagnosed with HSIL (c)
and with SCC (d). Closed boxes
show infection with a single type
of HPV DNA, and open boxes

show multiple infections with
two or more HPV-DNA types.

NILM, negative for intraepithe-
lial lesion or malignancy; LSIL,

low-grade squamous intraepi-
thelial lesion; HSIL, high-grade
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(44.3%; 86/194), HPV 52 (20.6%; 40/194) and HPV 58
(16.0%; 31/194) (Fig. 1c,d). The results of the other 61
subjects who were diagnosed with atypical squamous
cells of undetermined significance (ASC-US) and
atypical cells-cannot exclude HSIL (ASC-H) were not
considered in this report. However, the HPV genotype
distribution of the ASC-US group was similar to that of
the LSIL group. The number of participants in the
ASC-H group was too small to determine the distribu-
tion of HPV genotypes.

The Table 1 shows the multiple HPV infection status
by cytological diagnosis. The percentage of single HPV

1668

SCC, squamous cell carcinoma;
CP: CP6108 (HPV 89).

infection was significantly higher in the SCC group
(86.6%; 58/67) than in the LSIL group (53.8%; 64/119)
(P <0.01, Fisher's exact test).

Figure 2 shows a histogram of patient age distribu-
tion and the number of single infections of HPV 16,
HPV 18 and HPV 52 in patients diagnosed histologi-
cally with cervical intraepithelial lesions grade 3
(CIN3) and invasive CC. The mean age of patients
infected with HPV 52 tended to be higher than that
of patients with HPV 16 infection but the difference
was not statistically significant (P=0.07, Student’s
t-test).

© 2011 The Authors
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Table 1 Multiple human papillomavirus (HPV) infection status by cytologic

diagnosis
Cytology n Single type Two types Three types More than four types
LSIL 119 53.8% (64) 24.4% (29) 10.1% (12) 11.8% (14)
HSIL 127 67.7% (86) 22.8% (29) 5.5% (7) 3.9% (5)
SCC 67 86.6% (58) 10.4% (7) 3.0% (2) 0

The table shows the percentage and the number of participants who were infected with a
single HPV genotype, and two, three or more than four HPV genotypes.

-
]
50—
]
60
D HPV1i6
B HPVS2
70+ F 1 HPV1S
0 5 10

Number of individuals

Figure 2 Distribution of ages in CIN3 and SCC patients
who were infected with one HPV type, HPV 16, HPV
18 or HPV 52. Open boxes show the number of patients
infected with only HPV 16, closed gray boxes show the
number of patients infected with only HPV 18 and
closed black boxes show the number of patients
infected with only HPV 52. 20: 20-29 years; 30:
30-39 years; 40: 40-49 years; 50: 50-59 years; 60:
60-69 years; 70+: =70 years; CIN3: cervical intraepithe-
lial lesions grade 3.

Discussion

The distribution of HPV genotypes in the LSIL group
suggests that HPV 52 is the most frequently observed
genotype among subjects with persistent HPV infec-
tions in Nagasaki. Other investigators also have
reported that HPV 52 was dominant among women
with normal cytology or cervical neoplastic lesions in
Japan.*'® In the general population, the prevalence of
HPV genotypes exhibit geographic differences in dif-
ferent countries, though HPV 16 is found to be most
prevalent worldwide.”** In pre-neoplastic and cancer
cases, the geographic differences in prevalence of HPV
genotype are diminished and HPV 16 tends to be the

© 2011 The Authors

most dominant all over the world. HPV 18 and HPV 31
infections have also been reported to show higher
prevalence in CIN and CC patients, but in the current
study, there was a low prevalence of HPV 18 in the
HSIL group. In the SCC group, the prevalence of HPV
18 was similar to that of HPV 52 and 58, although there
was a lower number of single infection cases. Because
four cases of multiple infections included HPV 18 as
well as HPV 16 and 52 infections, the contribution of
HPV 18 infection in the SCC group was difficult to
evaluate.

In the LSIL group and the HSIL-SCC group, the dis-
tribution of HPV genotypes was different; the most
marked differences between the HSIL-SCC group and
LSIL group were a more than doubling of the HPV 16
genotype and the disappearance of HPV 56 infection in
the former. HPV 16, HPV 52 and HPV 58 belong to the
same alpha-papillomavirus species no. 9 family (A9
HPV family), which also includes HPV 31, 33, 35 and
67. However, HPV 56 belongs to the A6 HPV family,
which also includes HPV 53 and 66." The results indi-
cated that the prevalence of the A6 HPV family was not
small, especially in the Nagasaki LSIL group, but this
HPV family was less likely to continue into persistent
infection, and the observed prevalence of HPV 56 infec-
tion was found to be reduced in the HSIL and SCC
groups.

Interestingly, the LSIL group had the lowest single
infection rate of HPV (53.8%) (Table 1) and the rate of
single infection was higher (67.7%) in the HSIL group.
The SCC group showed the highest rate of single infec-
tion (86.6%). This finding has also been reported by
other investigators and was suggested to support a
monoclonal origin for cancer.?

We analyzed samples from patients with CIN3 and
invasive SCC histologically and counted the number of
patients in each age group, 20-29, 30-39, 40-49, 50-59,
60-69 and 70-plus. The most prevalent and dangerous
HPV genotypes appeared to be HPV 16 and HPV 18,
but the degree of risk of HPV 16/18 remained to be
quantified. The histogram in Figure2 shows the
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number of individuals who had a single infection with
HPV 16, HPV 18 or HPV 52. The mean age and distri-
bution of ages among HPV 16 and 52 types was differ-
ent (paired t-test, P = 0.07), but HPV 52 appeared to be
associated with slower progression of carcinogenesis,
and HPV 16 and 18 with faster progression. The differ-
ences in HPV genotypes may be related not only to
development of persistent infection, but also to the
speed of progression to SCC.

In Japan, one commercial CC vaccine became
available in December 2009. Although this study
has some limitations because we included data only
from SIL/CC women, our pre-vaccination data on the
distribution of genital HPV infections in a region
where HPV 52 and 58 are prevalent is valuable
to determine the potential usefulness of a bivalent
HPV vaccine. Paavonen et al. reported an estimated
cross-reactivity against CIN2+ lesions with non-
vaccine oncogenic HPV types of 37-54%." Further
study of the distribution of HPV genotypes in a
SIL/CC population and the transition of pathological
changes in patients according to HPV genotype is
warranted.
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Surfactant protein C G100S mutation
causes familial pulmonary fibrosis in

Japanese kindred

8. Ono™™*% T, Tanaka™®, M. Ishida’, A. Kinoshita*, J. Fukuoka®, M. Takaki®,

N. Sakamoto®, Y. Ishimatsu®, S. Kohno®, T. Hayashi’, M. Senba**, M. Yasunami**,
Y. Kubo®", L.M. Yoshida®, H. Kubo™, K. Ariyoshi®, K. Yoshiura* and K. Morimoto®

ABSTBACT: Several mutations in the surfactant protein C (SP-C) gene (SFTPC) have been reported
as causing familial pulmonary fibrosis (FPF). However, the genetic background and clinical features
of FPF are still not fully understood.

We identified one Japanese kindred, in which at least six individuals over three generations were
diagnosed with pulmonary fibrosis. We examined the patients radiologically and histopathologi-
cally and sequenced their SFTPC and ABCA3 genes. We also established a cell line stably
expressing the mutant gene.

All the patients had similar radiological and histopathological characteristics. Their histopatho-
logical pattern was that of usual interstitial pneumonia, showing numerous fibroblastic foci even in
areas without abnormal radiological findings on chest high-resolution computed tomography. No
child had respiratory symptoms in the kindred. Sequencing of SFTPC showed a novel heterozygous
mutation, ¢.298G>A (G100S), in the BRICHOS domain of proSP-C, which co-segregated with the
disease. However, in the ABCA3 gene, no mutation was found. /n vitro expression of the mutant
gene revealed that several endoplasmic reticulum stress-related proteins were strongly expressed.

The mutation increases endoplasmic reticulum stress and induces apoptotic cell death
compared with wild-type SP-C in alveolar type Il cells, supporting the significance of this mutation

in the pathogenesis of pulmonary fibrosis.

KEYWORDS: Endoplasmic reticulum stress, familial pulmonary fibrosis, mutation, surfactant

protein C

% amilial pulmonary fibrosis (FPF) is char-
1 acterised by cases of idiopathic interstitial
i pneumonia in two or more first-degree
relatives [1]. MARSHALL et al. [1] estimated that
familial cases account for 0.5-2.2% of all indivi-
duals with idiopathic pulmonary fibrosis (IPF).
Several kindreds with FPF have been reported,
and the familial form is likely to be transmitted in
an autosomal dominant inheritance mode [1-3].
Recent studies have revealed that several cases of
FPF are associated with mutations in SFTPC [4, 5].
SFTPC, located at 8p2l1.3, has six exons and
encodes the hydrophobic peptide surfactant pro-
tein C (SP-C). The first reported SFTPC mutation,
IVS4+1G>A, located at the first base of intron 4,
disrupted the donor splice site and resulted in the
skipping of exon 4 and the deletion of 37 amino

acids from the C-terminal region of the proprotein
of SP-C (proSP-C) [6]. 26 SFTPC mutations have
since been identified [6-19] (online supplementary
table 1), all of which are heterozygous mutations
in affected individuals. However, only a few
reports have described familial cases including
several affected individuals (table 1) [6-11].

SP-C is synthesised as a 197-amino acid proSP-C,
which undergoes multiple processing steps to
form mature SP-C. It is finally released into the
alveoli in association with other surfactant pro-
teins and phospholipids [4, 5, 20]. Mature SP-C,
consisting of 35 amino acids corresponding to
Phe24-Leu58 of proSP-C, is encoded within exon 2
of SFTPC and is stored in the lamellar body, from
where it is secreted into the alveolar space. In the
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FAMILIAL PULMONARY FIBROSIS

lung, proSP-C is expressed only in alveolar type Il epithelial
cells. The N-terminus of proSP-C is in the cytosol, with the
mature SP-C domain anchoring it in the membrane [4, 5, 20].
Furthermore, proSP-C contains a domain known as BRICHOS,
which is thought to be involved in proteolytic processing and
protecting the peptide from aggregation [21], corresponding to
residues Phe94-11e197 in the C-terminal domain of proSP-C.
About three-quarters of all mutations that have been reported in
SFPTC from interstitial lung diseases are in the BRICHOS
domain. It has been reported that a BRICHOS mutant protein
increased the amount of insoluble aggregates and resulted in
apoptosis following an ER stress response [22].

The current study investigated the clinical features of one
Japanese FPF kindred with a heterozygous mutation, G100S, in
the BRICHOS domain of proSP-C (SP-C©1%5),

MATERIALS AND METHODS

Subjects

Pedigree and DNA samples

The family we encountered is shown in figure 1a. Patient IV-1
was the proband, a Japanese female who was referred to our
hospital at the age of 18 yrs for further assessment of an
abnormal shadow in the lung field that was noticed at a school
medical health check. Patient IV-2 is a younger brother of the
proband (fig. 1a). In a routine preoperative chest radiological
examination (orthopaedic surgery for congenital dysplasia of
the femur), abnormal chest shadows were noticed, and further
analysis was performed in our department after the operation
at the age of 16 yrs. Patient IV-3 is a younger sister of the
proband. After the family history of the proband was taken, we
assessed patient IV-3’s chest by radiographic examination at
the age of 14 yrs, in accordance with her and her father’s
requests. The three individuals in generation IV were delivered
without any problem and showed normal development. None
of them had histories of coughing, shortness of breath or
environmental exposures, and all were free from other
respiratory symptoms. Patient III-3 was the proband’s mother.
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She had been diagnosed with IPF at age 34 yrs; she died at age
41 yrs from lung fibrosis. Patient 1I-4 is a grandmother of the
proband who developed a cough at age 63 yrs and was
diagnosed with interstitial pneumonia. Patient 11I-1 is an aunt
of the proband. She had no respiratory symptoms. After the
family history was taken, we performed a chest radiological
examination on patient III-1, at her request. It was supposed
that three more family members, I-1, II-1 and I1-2, died from
lung disease at ages between 35 and 45 yrs following a few
years of illness.

Written informed consent was obtained from the patients and
their family members before they participated in this study.
Genetic counselling was given to patients before and after
genetic analyses. Genomic DNA was extracted from indivi-
duals’ peripheral blood (II-3, II-4, II-1, I1I-2, IV-1, IV-2 and IV-3)
or from formalin-fixed paraffin-embedded lung tissue (III-3)
using a QlAamp DNA Mini Kit (Qiagen, Hilden, Germany).
This study was approved by the institutional review boards of
Nagasaki University (Nagasaki, Japan).

Lung biopsy and lung histopathology

For histopathological diagnosis, a lung biopsy was performed
by video-assisted thoracic surgery (VATS) under general
anaesthesia. Tissue sections were prepared from formalin-fixed
paraffin-embedded samples. Haematoxylin and eosin-stained
sections were prepared following conventional procedures.
Pathology slides were observed by two trained pulmonary
pathologists.

Mutation analysis

We performed PCR-based mutation analysis of SFTPC (National
Center for Biotechnology Information (NCBI) Reference
Sequence NM_003018.3) from eight specimens, composed of
six affected individuals (II4, I-1, I1I-3, IV-1, IV-2 and IV-3) and
two unaffected individuals (-3 and III-2). Subsequently, we also
sequenced ATP-binding cassette, sub-family A member 3
(ABCA3; NM_001089), which was postulated to be a gene that
modifies the disease severity of FPF caused by SFTPC mutations
[23]. All exons and intron-exon boundaries of the two genes
were sequenced on a 3130xl automated sequencer (Applied
Biosystems, Foster City, CA, USA) using BigDye Terminator
version 3.1 (Applied Biosystems). DNA sequences were ana-
lysed using Variant Reporter and Sequencing Analysis (Applied
Biosystems). Genomic sequences were obtained from the
University of California, Santa Cruz (UCSC) genome browser
(http:/ /genome.ucsc.edu/; assembly: March 2006; NCBI36/
hgl8). PCR primers were designed with the assistance of
Primer3 (http:/ /frodo.wi.mit.edu/cgi-bin/primer3 /primer3.cgi).
Primer sequences are available from the authors on request.

In silico analysis

The determination of whether an amino acid substitution is a
recognised polymorphism was carried out using the dbSNP
database (www.ncbinlmnih.gov/SNP/). Predicted protein
functions caused by an amino acid substitution were examined
using PolyPhen (http://genetics.bwh.harvard.edu/pph/) and
SIFT (http:/ /sift.jcvi.org/). Comparisons of genomic alignments
of human and other species were accessed using online software,
the Evolutionary Conserved Regions (ECR) browser (http://
ecrbrowser.dcode.org/) and the UCSC genome browser.
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FIGURE 1. pedigree of a family with familial pulmonary fibrosis (FPF), and
radiological and histopathological findings of the proband. &) Pedigree of the family
with FPF. Squares: males; circles: females; black: individuals diagnosed with
pulmonary fibrosis; grey: individuals who had died due to respiratory failure, but
about whom detailed information was not available; *: individuals whose DNA was
available and used in direct sequencing; arrow: proband. b) High-resolution
computed tomography (HRCT) image of the proband. Reticulonodular opacity,
predominantly in both upper lung fields, and intralobar opacity in the subpleural
area were observed in the HRCT image from the proband. No honeycombing
lesions could be seen. ¢, d) Magnified CT images of the proband. e and f)
Haematoxylin and eosin-stained tissue samples from the proband (right lung §8).
Haematoxylin and eosin staining revealed a usual interstitial pneumonia pattern,
including patchy peripheral accentuated fibrosis, marked fibroblastic foci (arrows),
smooth muscle hyperplasia (arrow head) and abrupt changes to adjacent normal
lung areas. Scale bars: €) 1 mm; f) 200 ym. Biopsies were performed from right
lung S2 and S8. Pathological findings were similar in 82 and S8.
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Functional analysis of mutant protein

SP-C cDNA constructs

A cDNA encoding the full-length human SP-C (SP-C*%) was
cloned into the pcDNA3.1 vector (Invitrogen, Carlsbad, CA) to
generate SP-C'*7/pcDNA3.1. A QuikChangew II Site-Directed
Mutagenesis Kit (Stratagene, Santa Clara, CA, USA) was used to
generate mutant SP-C=°® in a single PCR with two primers:
5'-ATCGGCTCCACTAGCCTCGTGGTGT-3' (forward) and 5'-
ACACCACGAGGCTAGTGGAGCCGAT-3' (reverse). The muta-
tion site is underlined.

Cell culture and transfection

A human embryonal kidney (HEK) 293T cell line was obtained
from the American Type Culture Collection (ATCC; Manassas,
VA, USA) and cultured in Dulbecco’s modified Eagle’s medium
(Gibco, Carlsbad, CA, USA) at 37 °C in 5% CO,. The culture
media were supplemented with 10% fetal bovine serum
(Biofluids, Rockville, MD, USA). A549 cells (ATCC) over-
expressing wild-type (SP-C"T) or mutant proSP-C were
constructed as follows. HEK293T cells were transiently trans-
fected with murine leukaemia virus gag-pol (2 ug) (TaKaRa Bio,
Shiga, Japan), proSP-C-encoding retroviral vector (2 pg), and
VSV-G expression plasmids (2 ug), which were obtained from L.
Chang through the AIDS Research and Reference Reagent
Program (Division of AIDS, National Institute of Allergy and
Infectious Diseases, Bethesda, MD, USA) [24] using the FuGene
HD reagent (30 pL) (Roche Applied Science, Mannheim,
Germany). The cells were washed 24 h after transfection and
cultured for 24 h in fresh medium. Culture supernatant of the
transfected cells was inoculated into A549 cells. The inoculated
cells were selected by puromyecin (2.5 pg-mL™). The puromycin-
resistant cell pool was utilised in this study.

RNA isolation and real-time RT-PCR
Total RNA from the stably transfected A549 cells was isolated

_using a FastPure RNA Kit (TaKaRa Bio) and reverse transcribed

into cDNA using a PrimeScript RT Reagent Kit with gDNA
Eraser (TaKaRa Bio). We performed real-time quantitative RT-
PCR using Thunderbird SYBR qPCR Mix reagent (Toyobo,
Osaka, Japan). PCR amplification was run on a LightCycler 480
Real-Time PCR system (Roche Diagnostics, Mannheim,
Germany). All samples were measured in triplicate.

Western blot analysis

Cells were solubilised in RIPA buffer with PhosSTOP
Phosphatase inhibitor cocktail (Roche Applied Science). Cells
treated with proteasome inhibitor MG-132 (Merck Ltd,
Lutterworth, UK) for 16 h were also solubilised in the same
manner. Total protein extracts were separated by 5-15% Tris-HCl
gel (BioRad Laboratories, Richmond, CA, USA) electrophoresis
and transferred to polyvinylidene fluoride membranes. The
membranes were blocked in blocking buffer (1xPBS, 0.1%
Tween-20 with 5% weight/volume nonfat dry milk) for 1 h at
room temperature and incubated with primary antibodies at 4°C
overnight. After washing in 1x PBS with 0.1% w/v Tween-20,
membranes were incubated with horseradish peroxidase-linked
secondary antibodies for 1 h at room temperature. Detection was
performed by enhanced chemiluminescence with ECL-Plus (GE
Health Care, Little Chalfont, UK). Primary antibodies to BiP,
IRElo and cleaved caspase-3 were purchased from Cell Signaling
Technology (Danvers, MA, USA). Anti-phosphorylated PERK
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(phospho-PERK) antibody was purchased from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). B-actin was measured as a
loading control for each sample using anti-B-actin antibodies
(Santa Cruz Biotechnology).

Statistics

Data are presented as mean+sE. The t-statistic was used to
determine significant differences between two groups. One-
way ANOVA was used to determine significant differences
among groups.

RESULTS

Clinical presentation of patients

High-resolution computed tomography (HRCT) findings of
the proband, patient IV-1, revealed a reticulonodular shadow
and intralobular fine linear opacity predominantly in both
upper lung fields. Centrilobular micronodule lesions were
observed mainly in subpleural lesions (fig. 1b-d). The HRCT
findings of patients II-4, III-1, III-3, IV-2 and IV-3 are presented
in online supplementary figure 1a and are similar to those
found in the proband. All affected individuals showed similar
radiological findings, i.e. upper lung field dominant shadow.
Additionally, IV-1, IV-2 and IV-3 showed moderate cystic
changes, mainly in the upper lobes, as shown in a previous
report of adult FPF [11].

VATS lung biopsy was performed for diagnosis and patholo-
gical assessment. Haematoxylin and eosin-stained samples
from the proband showed features of the usual interstitial
pneumonia (UIP) pattern with marked fibroblastic foci and
mild infiltration of lymphoid cells (fig. le and f). In addition,
mild-to-moderate airway-centred fibrosis/inflammation, along
with peribronchiolar metaplasia, were observed. No granulo-
mas were seen. Interestingly, all histological samples from the
patients (III-3, IV-2 and IV-3) showed a similar UIP pattern
(online supplementary fig. 2).

The clinical findings and information are summarised in table 2.
Briefly, for the proband and her siblings, serum biomarkers,
pulmonary function and respiratory condition were almost
normal, and no airway inflammation was observed in their
bronchoalveolar lavage fluid (BALF). Because they had kept pet
birds in their home, we measured serum antibodies to avian
antigen, but those were negative for these siblings. Thus, chronic
hypersensitivity pneumonitis was clinically ruled out. Based on
radiopathological findings and family history, familial inter-
stitial pneumonia was diagnosed.

Mutation analysis and in silico analysis

Two genes, SFTPC and ABCA3, were analysed. We detected a
base alteration, ¢.298G>A, in exon 3 of SFTPC causing a GGC-
to-AGC change that results in a glycine-to-serine change at
codon 100 (fig. 2a). This variant segregated with the disease in
this family (fig. 2b) and was not present among 576 ethnically
matched control alleles. The ECR browser and the UCSC
genome browser indicated that codon 100 of SFTPC is
conserved among mammals (fig. 2c). Furthermore, in silico
analysis using SIFT and Polyphen predicted a damaging effect
on the protein by this one amino acid change (position-specific
independent counts score 1.722; SIFT score 0.03).
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Expression of proSP-C in A549 cells

To prove comparable expression of E}q‘gSP—C, we performed
western blotting of cell lysates of SP-C"" and SP-C~'%* stably
expressed A549 cells. The amount of proSP-C was increased in
A549 cells stably expressing SP-C%% compared with those
stable expressing SP-C"" (fig. 3a, b). However, the expression
levels of SP-C mRNA from these two cell pools assessed by
real-time quantitative RT-PCR were equivalent (fig. 3d).

SP-C®"%%S causes endoplasmic reticulum stress, resulting

in apoptosis

We performed western blotting analysis to detect the expression
of proSP-C, BiP, phospho-PERK, IRE1a and cleaved caspase-3 to
determine whether the expression of the SP-CS'™S induces
endoplasmic reticulum (ER) stress in epithelial cells compared
with SP-C"T. The activations of BiP, IRElo and cleaved
caspase-3 were increased in mutant cells compared with wild-
type cells (fig. 3c and e). After MG-132 treatment, A549 cells
stably expressing SP-C%% showed increases in expression BiP,
phospho-PERK, IRE1 and cleaved caspase-3 that significantly
exceeded the increases seen in A549 cells stably expressing
SP-C"T (fig. 3¢ and f).

DISCUSSION

In the present study, we have described a novel pathogenic
SFTPC variant, which is associated with FPF in a Japanese kindred
who had abnormal HRCT findings at ages ranging from the mid-
second to the fifth decade of life. This pedigree included six
individuals with similar radiological findings and histopatholo-
gical characteristics of the UIP pattern. Notably, all the patients
were asymptomatic until they were age at least 15 yrs, and there
was no child with respiratory symptoms. Furthermore, we also
verified that expression of the mutant protein, SP-C*™S, resulted
in caspase-3 activation following the induction of ER stress.

Glycine at codon 100 of SFTPC, which was mutated to serine in
this kindred, is in the BRICHOS domain of proSP-C. This
mutation is novel and is the first reported pathogenic mutation of
SFTPC in an Asian kindred, proving that pulmonary fibrosis
caused by SFTPC mutations is a worldwide phenomenon. Recent
reports showed that the BRICHOS domain of proSP-C has
chaperone-like properties that prevent the transmembrane region
of proSP-C from aggregating. Mutations of this region in proSP-C
triggered induction of intracellular aggregate formation, ER stress
and accumulation in endosomal-lysosomal compartments
[22, 25, 26]. To further characterise the mutant protein SP-
CCSM™S we showed that unfolded protein response (UPR)
proteins, including BiP (chaperone proteins), phospho-PERK
and IREle (proximal sensor for UPR), were upregulated in A549
cells stably transformed with SP-CS'™3, eventually resulting in
apoptotic cell death. These results are consistent with previous
observations in several studies of other mutations in the
BRICHOS domain, including SP-C2®*°™ and SP-C'%5Q [22, 26,
27, 28]. Recently, S1SSON et al. [29] reported that targeted injury of
type II alveolar epithelial cells induced pulmonary fibrosis in
mice [29]. Collectively, these observations lead us to conclude
that SP-C%™S is a pathogenic mutation leading to cell death,
which leads to pulmonary fibrosis. Categorising SFTPC muta-
tions inducing lung fibrosis by functional analysis of the mutant
protein might help in tailoring treatment for IPF patients. ROSEN
and WALTZ [16] have reported that hydroxychloroquine was
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useful in treating a case of interstitial lung disease in a child with
an SFTPC mutation in the BRICHOS domain [16]. They predicted
that hydroxychloroquine caused inhibition of the intracellular
processing of proSP-C, thereby reducing the dominant negative
effect elicited by mutant proSP-C. It is possible that the suitability
of a treatment for interstitial lung diseases with SFTPC mutations
depends upon the location of the mutation. Hydroxychloroquine
might be a suitable treatment for our cases with SP-C2%,

Intriguingly, A549 cells transfected with SP-C%'%® contained
more proSP-C protein than cells expressing SP-C™7, despite the
SP-C mRNA levels being equivalent. This result was incon-
sistent with the previous report by BRIDGES et al. [27], which
showed that the mutant protein of SP-CA®™ was barely
detectable in contrast to the wild-type protein in the stably
expressing HEK293 cell lines [27]. We also confirmed the
minimal accumulation of proSP-CS*%% when HEK293 cells were
transfected with SP-CS'%% (data not shown). Therefore, the
observed difference is likely to be due to the difference in cell
origins, not the features of the mutations. Our experiments also
showed that the expression of the 26-kDa isoform of the mutant
SP-CS1%5 was weaker than that of wild type in A549 cells.
Formation of the 26-kDa isoform requires palmitoylation of
proSP-C [30] and a 21-kDa isoform is considered to be the
proprotein of pre-proteolytic processing [5, 25]. Taken together,
we speculate that the palmitoylation process in the mutant
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proSP- was impaired and unpalmitoylated proprotein
accumulated in human alveolar epithelial cells (A549). We
believe that the slow degradation of unpalmitoylated proprotein
in A549 cells is a better reflection of the process actually taking
place in the patients presented in this report.

To date, more than 20 mutations have been described in SFTPC.
Although studies of SFTPC mutations have focused on cases of
children with interstitial lung diseases, there have been a few
studies focusing on pedigrees with adult FPF {11, 31]. They
found five kindreds with SFTPC mutations, including two new
mutations, M71V and IVS4+2T>C, in adult FPF patients. They
showed histopathological patterns of UIP and non-classifiable
HRCT patterns with reticulonodular opacity and multiple lung
cysts in combination with ground-glass opacities or diffuse lung
involvement on chest HRCT. The present study, similarly
focusing on a pedigree with adult FPF, highlighted some
outstanding characteristics of this kindred with SP-CS'®, Our
patients presented with a histopathological pattern of UIP and
the HRCT findings had features of reticulonodular opacity and
multiple lung cysts. These findings, however, were seen
predominantly in the upper lobes. In particular a small number
of lung cysts were present only at the apex, a feature that was
inconsistent with the above report.

Interestingly, the age of phenotypic appearance (i.e. the appear-
ance of positive radiological and histopathological findings, even
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FIGURE 2. Amino acid substitution identified in surfactant protein (SP)-C in
individuals with familial pulmonary fibrosis. a) Location of SFTPC, the gene
encoding SP-C. Red triangle indicates the location of the c.298G>A (G100S)
mutation of SFTPC, which is in the BRICHOS domain. b) Resuits of direct DNA
sequencing in eight individuals. Red arrows indicate the location of the
nonsynonymous substitution (c.298 G>A). ¢) The highly conserved orthologous
protein sequences of SP-C across eight species of mammal. The area surrounded
by the red line indicates the location of codon 100 of SFTPC.
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