
The
experim

entalpipeline
thatw

e
im

plem
ented

(using
R

,Bioconductor,and
Shiny)

allow
s

the
stepw

ise
im

port
and

analysis
of

gene
expression

data.
Furtherm

ore,
our

application
stream

lines
the

investigation
of

com
plex

gene
expression

data
sets

involving
m

ultiple
conditions

such
as

m
ultiple

developm
entalstages,m

ultiple
drug

treatm
ents,or

tim
e

course
series

allow
ing

the
investigator

to
com

plete
additionalbioinform

atic
queries

using
the

data
set.

Figure
2

describes
a

briefw
alk

through
ofthe

application.

The
gene

expression
analysis

pipeline
enabled

us
to

com
plete

a
prelim

inary
analysis

ofin
vivo

early
m

ouse
em

bryonic
heart

developm
ent

using
the

Li
et

al.
(2014)

cardiac
developm

ental
atlas

data
set.

This
prelim

inary
analysis

identified
approxim

ately
4,000

differentially
expressed

genes
thatare

upregulated
in

the
early

stages
ofheartdevelopm

ent
by

com
bining

m
ultiple

independent
com

parisons
betw

een
the

early
m

ouse
heart

sam
ples

(E8.5,
E9.5,

and
E12.5)

and
m

ESC
or

adult
heart

sam
ples.

O
nce

the
4,000

upregulated
early

cardiac
genes

w
ere

identified,
the

gene
list

w
as

clustered
based

on
expression

expression
profile

using
k-m

eans
(Figure

3).
Each

cluster
identifies

a
unique

cardiac
developm

entalexpression
pattern

and
im

portantcardiac
regulatory

genes
(identified

in
bold).

G
ene

O
ntology

enrichm
entanalysis

ofeach
cluster

identifies
a

unique
dichotom

y
betw

een
the

five
clusters.

The
top

G
O

BiologicalProcess
term

s
associated

w
ith

C
lusters

1
and

2
identify

cellcycle
and

cellproliferation
processes.

Interestingly,the
gene

expression
profile

of
clusters

1
and

2
identify

genes
that

are
dow

nregulated
w

ithin
the

adult
heart

w
hich

is
m

itotically
senescent.

The
rem

aining
clusters

(cluster
3,

4,
and

5)
identified

genes
associated

w
ith

general
developm

ental,
striated

m
uscle,

or
cardiovascular

processes.
Finally,

m
any

notable
cardiovascular

regulatory
genes

w
ere

identified
in

our
early

cardiac
developm

entalgene
listthatvalidate

our
analysis.

Severalim
portantgenes

necessary
for

norm
alheart

developm
ent

and
proper

specification,
differentiation,

and
proliferation

of
the

cardiac
m

esoderm
and

cardiac
progenitor

genes
w

ere
identified,

such
as

Foxc1/c2,
Isl1,

M
ef2c,N

kx2-5,Tbx5,and
Tbx20.

Also,im
portantcardiom

yocyte
genes

encoding
contractile

com
ponents

w
ere

found
including

both
calcium

transporters
and

m
yofibrilcom

ponents,such
as

M
yl3,M

yl4,M
yh6,M

yh7,R
yr2,Tnnc1,and

Tnnt2

This
analysis

provides
a

focused
investigation

of
gene

expression
profiles

of
the

early
developing

m
ouse

heart.
This

data
sethas

identified
both

the
unique

expression
profiles

of
know

n
cardiac

regulatory
genes

as
w

ell
as

genes
that

rem
ain

uncharacterized
in

cardiac
developm

ent
and

cardiac
function.

W
e

intend
to

extend
this

w
ork

using
our

C
arD

G
EA

pipeline
characterizing

the
gene

expression
profiles

ofthe
pre-cardiac

m
esoderm

and
other

early
em

bryonic
tissues.

Furtherm
ore,

the
4,000

genes
upregulated

in
early

heart
developm

ent
produces

an
“early

cardiac
reference

gene
set”

for
the

evaluation
of

gene
function

in
previously

published
w

ork
and

ourfuture
genetic

loss-of-function
experim

ents.
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O
urresearch

goalis
to

develop
an

easy,user-friendly
appletutilizing

R
and

Bioconductorpackages
to

evaluate
high-throughput

gene
expression

data
that

can
be

used
by

scientists
interested

in
generating

gene
lists

describing
a

specific
series

of
sam

ple
com

parisons
that

represent
a

developm
ental

stage
or

tim
epoint

-
w
ithout

previous
extensive

R
program

m
ing

experience.
To

accom
plish

this
task,an

bioinform
atic

analysis
approach

w
as

developed
using

R
and

Bioconductor
generating

a
gene

list
representing

early
cardiac

developm
entalgenes

by
com

paring
ESC

,
day

7
w

hole
em

bryo,
heart

tissue
from

days
8

/
9

/
12,

and
adult

heart
tissue.

O
nce

this
w

as
accom

plished,
the

bioinform
atic

pipeline
w

as
translated

into
a

Shiny
applet

-
allow

ing
the

pre-
processing

and
analysis

to
be

com
pleted

using
little

to
no
R
program

m
ing.

R
aw

data
w

as
dow

nloaded
from

the
G

ene
Expression

O
m

nibus
(G

SE51483
[Li

et
al.]).

Each
dataset

contains
over

40,000
row

s
w

ith
each

row
corresponding

to
a

different
gene

transcript
m

easured;
colum

ns
represent

different
biological

sam
ple

m
icrodissected

at
different

tim
e

points.
M

etadata
forthe

genes
w

ere
dow

nloaded
using

the
R

packages
m

ouse4302.db.D
ifferential

expression
calculations

w
ere

perform
ed

using
the

lim
m

a
package

functions
lm

Fit,
treat,

and
topTreat.

Foranalysis,the
data

from
G

SE51483
m

ouse
developm

entw
ere

grouped
based

on
age

-
ESC

,
day

7
w

hole
em

bryo,
heart

tissue
from

days
8/9/12,

adult
heart

tissue
-

w
ith

each
age

containing
either

three
or

six
replicates

(colum
ns)

in
the

data.
The

follow
ing

statisticaltests
w

ere
perform

ed
-

com
parison

of
day

8/9/12
sam

ples
versus

ESC
and

adult
heart

sam
ples.

For
each

com
parison,gene

transcripts
w

ere
selected

as
having

statistically
significantdifferentialexpression

using
the

criteria
-fold

change
ofatleast2.0

and
an

adjusted
pValue

ofatm
ost0.01.

This
resulted

in
4304

significant
transcripts.

G
ene

transcripts
that

w
ere

selected
as

significant
w

ere
further

grouped
by

clustering
w

ith
the

km
eans

R
function

and
visualized

using
the

heatm
ap.2

function
from

the
R

package
gplots.

G
ene

O
ntology

(G
O

)
and

G
O

Enrichm
entAnalysis

w
as

perform
ed

on
each

clusterusing
the

tools
available

atgeneontology.org.

M
ethods

M
am

m
alian

heartdevelopm
entis

regulated
by

an
evolutionarily

conserved
genetic

netw
ork

thathas
been

elucidated
from

num
erous

studies
ofm

odelorganism
s

and
the

genetic
investigation

ofhum
an

congenital
heart

defects.
Published

high-throughput
gene

expression
data

sets
of

norm
al

and
abnorm

alm
am

m
alian

heart
developm

ent
provide

the
research

com
m

unity
w

ith
the

opportunity
to

investigate
im

portantbiologicalprocesses
and

develop
new

hypotheses
and

experim
ents

extending
the

author’s
originalfindings.

The
goalofourbioinform

atic
investigations

is
to

identify
and

evaluate
unique

evolutionarily-conserved
developm

ental
gene

expression
profiles

of
m

am
m

alian
cardiac

(heart)
developm

entin
w

hich
orthologous

cardiac
genes

can
then

be
investigated

using
m

ultiple
in

vivo
and

in
vitro

experim
ental

m
odels,

such
as

pluripotent
stem

cells,
zebrafish,

and
m

ouse
experim

entalsystem
s.

O
ur

first
step

in
com

pleting
this

unique
experim

entalapproach
is

to
identify

previously
published

data
sets

deposited
in

the
G

ene
Expression

O
m

nibus
(G

EO
)

studying
developm

entalstages
ofthe

m
ouse

em
bryonic

heartyielded
a

robust,gene
expression

m
icroarray

data
setthatinvestigated

over
45,000

transcripts.
The

Lietal.(2014)heartdevelopm
entalatlas

possessed
a

num
berofreplicates

per
condition

(m
inim

um
n=3),and

included
m

ouse
em

bryonic
stem

cells,the
early

m
ouse

em
bryo,

several
em

bryonic
heart

stages,
fetal

heart
stages,

and
postnatal

stages.
O

ur
bioinform

atic
investigations

of
this

data
set

encouraged
us

to
develop

a
set

of
sim

ple
tools

that
can

stream
line

gene
expression

data
analysis

in
the

hand
ofthe

investigator.
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R
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Figure
1.

The
Li

et
al.

gene
expression

m
icroarray

data
set

investigates
several

im
portantdevelopm

entalstages
from

early
em

bryonic
to

adultheart.Adapted
from

X.Li
et

al.,
Transcriptional

atlas
of

cardiogenesis
m

aps
congenital

heart
disease

interactom
e.

PhysiolG
enom

ics
46,482-495

(2014).

Figure
3.

C
ardiac

gene
expression

profiling
of
in
vivo

early
em

bryonic
m

ouse
heart

developm
ent.

4,004
differentially

expressed
cardiac

genes
w

ere
identified

by
individually

com
paring

the
heartdevelopm

ental
tim

e
point(E8-E12)to

eitherthe
m

ESC
orAdultVentricle

sam
ples

using
the

follow
ing

criteria:P
value

>
0.01

and
Fold

C
hange

>
2.0.

The
upregulated

cardiac
genes

from
all

com
parisons

w
ere

then
com

bined
and

clustered
using

k-m
eans

identifying
unique

developm
ental

gene
expression

signatures.
N

ote
the

follow
ing

developm
entalprofiles:

Interestingly,
clusters

1
and

2
identify

genes
upregulated

the
early

E8
heart

w
hich

steadily
reduce

their
expression

during
early

heart
developm

ent
in

a
m

anner
characteristic

of
cardiac

progenitor
cells

exiting
the

cell
cycle

and
reducing

their
cell

proliferation
based

upon
the

significant
G

O
processes.

C
lusters

3
and

4
contain

the
m

ajority
ofpreviously

identified
cardiovasculargenes

and
biological

processes
associated

w
ith

cardiovascular,cardiac,striated
m

uscle,and
otherdevelopm

entalm
echanism

s.

Figure
2.W

orkflow
ofC

arD
G

EA
The

screenshots
above

and
below

dem
onstrate

key
portions

ofthe
R

Shiny
app

thatw
e

developed.
D

ata
is

im
ported

(D
ata

File
tab)and

exam
ined

(D
ata

tab,above
top,and

Plots
tab).

M
etadata

is
im

ported
(M

etadata
tab).

Sam
ples

are
grouped

for
analysis

(C
olum

ns
tab,

above).
Param

eters
(p-value

and
logFC

)are
chosen

and
sam

ple
groups

are
chosen

forcom
parison

(D
iff

Exp
tab,below

),and
results

are
visualized

in
table

form
at(D

iffExp
tab,below

bottom
)

and
graphically

(Plots
tab).


