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The three cerebral cavernous malformations (CCMs) genes namely CCM1/KRIT1, CCM2/MGC4607 and
CCM3/PDCD10 have been identified for which mutations cause cerebral cavernous malformations.
However, the protein products of these genes involved in forming CCM signaling, are still poorly under-
stood imposing an urgent need to understand these genes and their signaling processes in details. So far
involvement of CCM3/PDCD10 in the cavernous angioma has been characterized from biochemical and
biophysical analyses. However, there is no comprehensive study illustrating the phylogenetic history
and comprehensive genetic variants of CCM3/PDCD10. Herein, we explored the phylogenetic history
and genetic variants of CCM3/PDCD10 gene. Synteny analyses revealed that CCM3/PDCD10 gene shared
same genomic loci from Drosophila to human and the gene structure of CCM3/PDCD10 is conserved from
human to Branchiostoma floridae for about 500 MYs with some changes in sea urchin and in insects. The
conserved CCM3/PDCD10 is characterized by presence of indels in the N-terminal dimerization domain.
We identified 951 CCM3/PDCD10 variants by analysis of 1092 human genomes with top three variation
classes belongs to 84% SNPs, 6.9% insertions and 6.2% deletions. We identified 22 missense mutations in
the human CCM3/PDCD10 protein and out of which three mutations are deleterious. We also identified
four stop-codon gaining mutations at the positions E34⁄, E68⁄, E97⁄ and E140⁄, respectively. This study is
the first comprehensive analysis of the CCM3/PDCD10 gene based on phylogenetic origin and genetic
variants. This study corroborates that the evolution of CCM proteins with tubular organization
evolvements by endothelial cells.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

Cerebral cavernous malformations (CCMs; OMIM 116860) are
hamartomatous vascular malformations that can occur as a spo-
radic or a familial autosomal dominant disorder [1,2]. CCMs are
characterized by enlarged vascular cavities without intervening
brain parenchyma with an estimated prevalence of 0.1–0.5% in
general population. Single or multiple malformations may develop,
which can lead to cerebral hemorrhage (30–40%), seizures
(40–70%), headache (10–30%) and focal neurological symptoms
(35–50%). The onset age is variable with higher incidence between
10 and 40 years. CCM may occur sporadically or with an autosomal
dominant inheritance pattern with variable expression and
incomplete penetrance. Almost one fourth of CCM carriers remain
symptom-free throughout their lives. In the human, so far three
CCM genes have been identified which are located in three differ-
ent CCM loci: CCM1/KRIT1 in chromosome 7q21.2, CCM2/
MGC4607 in 7p13, and CCM3/PDCD10 in 3q25.2-q27 respectively
[3,4]. So far, most of the mutations in these genes reported lead
to either introduce a premature termination codon or large dele-
tions, again strongly suggesting that most of these mutations are
‘‘loss-of-function’’ mutations [5,6]. Human CCM3/PDCD10 gene
encodes for a protein, known as programmed cell death 10
(PDCD10) and hence called as CCM3/PDCD10. Recent studies
revealed the presence of CCM3 along with CCM1–CCM2 in the
CCM protein complex and this suggest for a common signaling
mechanism/pathway. However, this common-signaling pathway
involved in CCM-signaling has not been established yet. CCM3 is
known to bind GCKIII family of sterile 20-like serine/threonine
kinases STK24, STK25 and MST4 [5,6]. These signaling are critical
for vascular development and for cell survival. CCM3 has also been
shown to bind paxillin, membrane protein VEGF-R2 and HEG1
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[5,6]. This signaling network is known to regulate cell adhesion,
angiogenesis and vascular integrity [5,6]. After a decade of research
on vascular malformations, it appears CCM3/PDCD10 is one of the
hallmark genes of the CCM complex or the signaling network.

The crystal structures of CCM3/PDCD10 become available
recently [7,8]. The a-helical structure of human CCM3/PDCD10
contains a N-terminal dimerization domain (four a-helices) and a
C-terminal focal adhesion targeting (FAT)-homology domain (four
a-helices), separated by an a-helix served as a linker between two
these domains [7,8].

However, there is no report yet known on molecular evolution
and a through study of genetic variants of human CCM3/PDCD10.
Hence, investigations from these aspects of CCM3/PDCD10 are
urgent requirements. In order to gain insight of structure–function
relationship in details, in the current study, we analyzed the
phylogenetic history of CCM3/PDCD10 genes by focusing gene
structures, synteny and sequence-structural properties from
selected eukaryotic genomes. Furthermore, we have identified
Fig. 1. Genomic and gene organizations of CCM3/PDCD10 genes. (A) Syntenic comparis
CCM3/PDCD10 gene from selected animals.
951 CCM3/PDCD10 variants from 1092 human genomes and 84%
of these variants are SNPs. These genetic variants are critical indi-
cators of cerebral cavernous malformations due to CCM3/
PDCD10in human population. This studies in general shade lights
on the molecular evolution of CCM proteins, which play important
roles in endothelial cells and in angiogenesis.

2. Materials and methods

We extracted genomic DNA and protein sequences from differ-
ent vertebrate genomes via Ensembl release 73 (September 2013)
[9] using BLAST suite for CCM3/PDCD10 are provided in Table S1.
We scanned chromosomal locus for CCM3/PDCD10 gene for each
species using Ensembl genome browser [9] and the map viewer
from NCBI (website: http://www.ncbi.nlm.nih.gov/mapview/).
We predicted gene structures of CCM3/PDCD10 using AUGUSTUS
suite [10] and we combined with gene structure prediction within
the Ensembl [9], which ensured accuracy.
ons of CCM3/PDCD10 locus in different eukaryotes. (B) Gene structural changes of

http://www.ncbi.nlm.nih.gov/mapview/
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We created protein alignment of CCM3/PDCD10 using the
CLUSTALW 1.83 [11,12] and edited and visualized in GENEDOC
[13] as shown in Fig. S1. We computed genetic variants of
human CCM3/PDCD10 using 1092 human genomes from 14
different populations available in 1000 genomes project [14].
Sorting Intolerant From Tolerant (SIFT) is a software tool, which
predicts whether an amino acid substitution affects protein
function and it helps in prioritizing substitutions for further
study [15]. The SIFT value 60.05 indicates the deleterious
effects of missense variants on protein function [15].
Phenotyping V2 (PolyPhen-V2) is a tool that predicts possible
impact of an amino acid substitution on the structure and func-
tion of a human protein using straightforward physical and
comparative considerations [16]. PolyPhen-V2 score (close to
1) indicates the damaging effects of missense variants on pro-
tein function. We used these two methods to predict the impact
of these variants on function of CCM3/PDCD10. Missense vari-
ants were analyzed using variant modeler (VarMod) tool [17].
We constructed the phylogenetic tree of CCM3/PDCD10 pro-
teins aided by Neighbor Joining (NJ) method [18] with 1000
bootstraps using MEGA5 [19].

3. Results

3.1. CCM3/PDCD10 gene is maintained from insects to human on the
same locus

The CCM3/PDCD10 gene is located in reverse orientation with
respect to a neuroserpin (red color) in the human chromosome
18 (Fig. 1A). This genomic organization is maintained in all known
mammalian genome. Interestingly, bovine has two copies of
CCM3/PDCD10-neuroserpin, cluster tandemly duplicated on the
chromosome 1 and additionally a single copy is found in the chro-
mosome 8. Chicken and Xenopus tropicalis has conserved loci of
CCM3/PDCD10-neuroserpin in the chromosome 9 and in the scaf-
fold 3, respectively. Noteworthy, selected fishes have two copies
of CCM3/PDCD10 gene, localized in two different genomic loca-
tions. For example, Danio rerio and Gasterosteus aculeatus have
two CCM3/PDCD10 genes localized on chromosomes 1 and 2, and
groups 1 and XV, respectively. In the first location, it is maintained
with neuroserpin, while in other location second copy of CCM3/
PDCD10 gene is flanked by CHP and M1PS genes. It is notable that
Fugu and Tetraodon have lost CCM3/PDCD10 gene in first location
and retained second copy of CCM3/PDCD10 gene. However,
Table 1
Sequence identity scores for CCM3/PDCD10 across different eukaryotes. Above 90% of seq

CEL SPU DME DPS AAE AGA NVI AME BFL GAC

CBR 96.7 25.5 35.3 35.8 38.6 38.6 37.3 39.5 31.8 32.4
CEL 25.0 35.3 35.8 38.6 38.6 37.3 38.6 31.4 32.4
SPU 36.9 36.9 40.7 40.7 33.6 37.9 49.0 41.9
DME 98.6 72.5 72.0 66.7 69.5 45.8 44.3
DPS 72.5 72.0 66.7 69.5 45.8 44.3
AAE 97.2 69.2 73.5 49.1 46.2
AGA 69.7 73.0 49.5 47.2
NVI 83.8 44.4 45.3
AME 47.2 46.7
BFL 57.4
GAC1
BTA3
GAC2
TNI
FRU
DRE1
DRE2
HSA
BTA1
CCM3/PDCD10 clustered is maintained in Branchiostoma floridae
and in sea urchin. Insects have CCM3/PDCD10 on the same chro-
mosome but serpin gene is localized 60 Mb upstream region such
as in the chromosome R3 in Drosophila melanogaster. This sug-
gested that CCM3/PDCD10 and serpin gene are localized on the
same syntenic organization from Drosophila to human for about
700 MY.

3.2. Variations in CCM3/PDCD10 gene structure

Human CCM3/PDCD10 gene has seven exons E1–E7 with exon
size ranged from 54–127 bp while intron length is >1 kb except for
intron joining exons E5–E5 (Fig. 1B). This gene structure is main-
tained in CCM3/PDCD10 genes of chicken, Fugu and also in both cop-
ies of CCM3/PDCD10 from D. rerio. Interestingly, CCM3/PDCD10
from Ciona and Branchiostoma also possesses this gene structures.
However, variations in gene structures have been observed in
CCM3/PDCD10 gene from sea urchin, Strongylocentrotus purpuratus
and D. melanogaster. Sea urchin possesses exon E1 and E4 which are
conserved and dubbed as S1 and S3, where exons E2–E3 are clubbed
together forming a new exon named as S2.

Similarly, exons E5–E7 are fused to form exon S4 in CCM3/
PDCD10 gene from sea urchin. Likewise, D. melanogaster has con-
served exons E1 and E4 as D1 and D3, respectively. But, it retained
sea urchin exon S2 as exon D2. Whereas, exon S4 is divided into
two exons, called as D4 and D5. The exon D4 has size of 165 bp
and the size of exon D5 is 85 bp, which is comparable to human
exon E7. This ‘‘intron gain’’ events are found from sea urchin to
Branchiostoma floridae as the exon S2 is divided into exons
E2–E3. Similarly, exon S4 is divided by two intron gains into three
exons E5–E6–E7. There is a ‘‘loss of intron’’ too as exons D4–D5
(from Drosophila) joined to form exon S4 in sea urchin. Taken
together, CCM3/PDCD10 gene structure is conserved from human
to B. floridae for about 500 MYs. Whereas changes of gene struc-
tures are observed in sea urchin, separated about 550 MY ago
(MYA) and changes are also seen in insect CCM3, which separated
about 700 MYA.

3.3. Conserved CCM3/PDCD10 is characterized by indels

This protein is highly conserved in vertebrates so that human
CCM3/PDCD10 shares 94.3% and 92.9% identities with two copies
of CCM3/PDCD10 present in D. rerio (Table 1). Additionally, this
protein is conserved in different invertebrate species such as
uence identities are marked in bold.

1 BTA3 GAC2 TNI FRU DRE1 DRE2 HSA BTA1 BTA2

31.0 33.3 33.8 33.8 32.9 33.8 33.8 33.3 38.6
31.5 33.3 33.8 33.8 32.9 33.8 34.3 33.8 39.2
41.9 42.9 42.9 42.9 45.2 43.8 44.8 44.8 46.7
44.8 46.2 45.8 45.8 44.3 45.8 47.2 47.6 50.3
44.8 46.2 45.8 45.8 44.3 45.8 47.2 47.6 50.3
45.8 47.2 47.2 47.2 46.2 47.2 49.1 48.6 53.3
46.7 48.1 48.1 48.1 47.2 48.1 50.0 49.5 53.9
42.9 44.8 44.8 44.8 43.9 44.3 46.2 45.8 47.3
46.2 47.6 47.6 47.6 47.2 47.6 49.5 49.1 50.9
59.8 62.2 61.7 61.7 64.1 62.2 64.1 64.1 67.5
71.9 79.5 79.5 79.5 80.5 79.0 79.5 79.0 79.6

85.7 85.2 85.2 85.7 85.2 90.5 91.0 91.4
99.5 99.5 92.9 94.8 93.8 94.3 94.4

100.0 92.4 94.3 93.3 93.8 93.8
92.4 94.3 93.3 93.8 93.8

92.4 94.3 94.3 95.7
92.9 93.3 96.3

99.5 99.4
100.0



Fig. 2. Alignment of N-terminal region of CCM3/PDCD10 demonstrates that insertions/deletions (indels) are characteristic features of CCM3/PDCD10 proteins.

A. Kumar et al. / Biochemical and Biophysical Research Communications 455 (2014) 98–106 101
human CCM3/PDCD10 shares 64.1%, 50% and 33.8% identities with
CCM3/PDCD10 orthologs in B. floridae, Anopheles gambiae and
Caenorhabditis briggsae, respectively. This suggests that this protein
is significantly conserved. Interestingly, CCM3/PDCD10 from dif-
ferent animal lineages are characterized by insertions/deletions
(Indels) as shown in Fig 2. Insects have a deletion of 3–4 amino
acids at the position 13 within the loop joining helices aA and
aB and an insertion of four amino acids at the position 87, within
the loop joining helices aE and aF (numbering according to human
CCM3/PDCD10 sequence). Similarly, worms (Caenorhabditis ele-
gans and Caenorhabditis briggsae) possess three insertions:(a)
two amino acids P–R at the position 35 (within the loop joining
the helices aB–aC), (b) one amino acid, a glutamine (N) at the posi-
tion 87 (within the loop joining helices aE and aF) and (c) two
amino acids N–A at the position 97 (just before helix aF),
respectively. All these indels are in the N-terminal region. Only
few are found in the C-terminal end or the FAT-homology-domain
of PDCD10 protein. CCM3/PDCD10 proteins of B. floridae and
S. purpuratus have a four amino acid indel at the position 154
between helices aG and aH (Fig. S1) and at the same position,
insects have a single amino acid indel. Overall, indels are devising
method for diversities in CCM3/PDCD10 gene across metazoa, lar-
gely in the N-terminal segment, which involved in dimerization.

3.4. Surveying genetic variants of human CCM3/PDCD10

We deduced 951 genetic variants of CCM3/PDCD10 from analy-
sis of 1092 human genomes originated from 14 different global
populations (Table 2). Four major genetic variants are intron
variants (77.8%), downstream gene variants (7.7%), upstream gene



Table 2
Summary of human genetic variants of human CCM3/PDCD10 deduced from 1000 genome data.

Variant types Deletion Insertion Sequence_alteration SNP Somatic_SNV Somatic_deletion Somatic_substitution Total

Intron variant 43 60 1 636 0 0 0 740
Downstream gene variant 8 3 0 62 0 0 0 73
Upstream gene variant 1 2 0 53 0 0 0 56
Missense variant 0 0 0 13 8 0 1 22
3 prime UTR variant 3 0 0 13 0 0 0 16
Synonymous variant 0 0 0 8 4 0 0 12
Coding sequence variant 3 1 0 5 0 0 0 9
Splice region variant 1 0 1 4 1 0 0 7
5 prime UTR variant 0 0 0 7 0 0 0 7
Stop gained 0 0 0 0 0 4 0 4
Splice acceptor variant 0 0 1 0 2 0 0 3
Splice donor variant 0 0 1 0 0 0 0 1
Frameshift variant 0 0 0 0 0 1 0 1
Total 59 66 4 801 15 5 1 951

Fig. 3. Summary of missense variants of CCM3/PDCD10 protein. (A) Location of missense variants on the human CCM3/PDCD10 protein sequence. (B) Mapping missense
variants on the human CCM3/PDCD10 structure. (C) Structural comparison of deleterious variations.
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variant (5.9%), and missense variants (2.3%). Similarly, major con-
stituents of variant classes were SNPs (84%), insertions (6.9%), dele-
tions (6.2%) and somatic_SNVs (1.6%). Our analysis identified
twenty-two missense mutations, which include three deleterious
mutations (Table 3). Locations of these mutants are localized in
the full length of CCM3/PDCD10 proteins with top secondary struc-
tures being the loop joining helices aE–aF (four variants), the heli-
ces aC, aF and aG (three each) as summarized in Table 3. These
mutations are mapping onto protein sequence (Fig. 3A) and struc-
ture (Fig. 3B and C). Three deleterious mutations are shown as red



Ta
bl

e
3

Li
st

of
m

is
se

ns
e

va
ri

an
ts

of
hu

m
an

CC
M

3/
PD

CD
10

de
du

ce
d

fr
om

10
00

ge
no

m
e

da
ta

.D
el

et
er

io
us

m
ut

at
io

ns
ar

e
un

de
rl

in
ed

.

Pr
ot

ei
n

m
u

ta
n

t
St

ru
ct

u
ra

l
lo

ca
ti

on
V

ar
ia

n
t

ID
C

h
ro

m
os

om
al

lo
ca

ti
on

A
ll

el
es

gm
af

C
la

ss
So

u
rc

e
St

at
u

s
SI

FT
va

lu
e

PO
LY

PH
EN

va
lu

e

M
T3

IS
A

t
th

e
N

-t
er

m
in

al
en

d
C

O
SM

35
31

87
3:

16
74

37
93

63
:1

67
43

79
36

–1
67

43
79

37
TC

/A
A

–
SS

C
O

SM
IC

–
–

–
E7

D
In

th
e

h
el

ix
a

A
C

O
SM

14
84

82
4

3:
16

74
37

92
53

:1
67

43
79

25
C

/G
–

sS
N

V
C

O
SM

IC
–

0.
66

0
M

20
V

In
th

e
h

el
ix

a
B

rs
13

82
75

88
5

3:
16

74
37

88
83

:1
67

43
78

88
T/

C
–

SN
P

db
SN

P
M

O
:F

re
qu

en
cy

ES
P

0.
26

0.
00

2
R

35
P

A
t

th
e

en
d

of
th

e
h

el
ix

a
B

C
O

SM
94

94
7

3:
16

74
22

67
63

:1
67

42
26

76
C

/G
–

sS
N

V
C

O
SM

IC
–

0.
05

0.
15

8
R

35
Q

A
t

th
e

en
d

of
th

e
h

el
ix

a
B

rs
20

17
96

69
2

3:
16

74
22

67
63

:1
67

42
26

76
C

/T
–

SN
P

db
SN

P
–

0.
45

0.
00

2
E5

2K
In

th
e

h
el

ix
a

C
C

O
SM

34
54

52
3:

16
74

14
91

13
:1

67
41

49
11

C
/T

–
sS

N
V

C
O

SM
IC

–
0.

01
0.

99
8

E5
2Q

In
th

e
h

el
ix

a
C

C
O

SM
41

97
25

3:
16

74
14

91
13

:1
67

41
49

11
C

/G
–

sS
N

V
C

O
SM

IC
–

0.
01

0.
99

9

K
53

I
A

t
th

e
en

d
of

th
e

h
el

ix
a

C
rs

11
54

16
86

3:
16

74
14

90
73

:1
67

41
49

07
T/

A
–

SN
P

db
SN

P
–

0.
08

0.
34

9
S7

1R
A

t
th

e
en

d
of

th
e

h
el

ix
a

E
TM

P_
ES

P_
3_

16
74

14
85

4
3:

16
74

14
85

43
:1

67
41

48
54

T/
G

–
SN

P
ES

P
ES

P
0.

34
0.

07
4

N
75

K
In

th
e

lo
op

jo
in

in
g

h
el

ic
es

a
E-

a
F

C
O

SM
58

23
05

3:
16

74
14

84
03

:1
67

41
48

40
G

/C
–

sS
N

V
C

O
SM

IC
–

0.
07

0.
58

7
M

83
T

In
th

e
lo

op
jo

in
in

g
h

el
ic

es
a

E-
a

F
rs

11
54

16
85

3:
16

74
14

81
73

:1
67

41
48

17
A

/G
–

SN
P

db
SN

P
–

0.
07

0.
20

7

Y
91

C
In

th
e

lo
op

jo
in

in
g

h
el

ic
es

a
E-

a
F

rs
20

01
48

88
7

3:
16

74
13

50
73

:1
67

41
35

07
T/

C
0.

00
1

(C
)

SN
P

db
SN

P
–

0
0.

86

M
92

V
In

th
e

lo
op

jo
in

in
g

h
el

ic
es

a
E-

a
F

TM
P_

ES
P_

3_
16

74
13

50
5

3:
16

74
13

50
53

:1
67

41
35

05
T/

C
–

SN
P

ES
P

ES
P

0.
34

0
D

10
2A

A
t

th
e

en
d

of
th

e
h

el
ix

a
F

rs
11

29
08

7
3:

16
74

13
47

43
:1

67
41

34
74

T/
G

–
SN

P
db

SN
P

–
0.

09
0.

02
1

R
10

8L
A

t
th

e
en

d
of

th
e

h
el

ix
a

F
C

O
SM

72
92

20
3:

16
74

13
45

63
:1

67
41

34
56

C
/A

–
sS

N
V

C
O

SM
IC

–
0.

32
0.

47
9

S1
15

C
A

t
th

e
en

d
of

th
e

h
el

ix
a

F
C

O
SM

58
23

06
3:

16
74

13
43

63
:1

67
41

34
36

T/
A

–
sS

N
V

C
O

SM
IC

–
0

0.
99

5

R
12

6M
In

th
e

h
el

ix
a

G
rs

18
25

01
36

5
3:

16
74

13
40

23
:1

67
41

34
02

C
/A

0.
00

1
(A

)
SN

P
db

SN
P

–
0.

11
0.

41
9

T1
30

I
In

th
e

h
el

ix
a

G
rs

74
63

50
00

3:
16

74
13

39
03

:1
67

41
33

90
G

/A
0.

00
1

(A
)

SN
P

db
SN

P
M

O
:1

00
0

G
en

om
es

0.
13

0.
33

1
N

14
7D

In
th

e
h

el
ix

a
G

rs
20

18
57

17
4

3:
16

74
05

43
83

:1
67

40
54

38
T/

C
0.

00
1

(C
)

SN
P

db
SN

P
–

0.
46

0.
00

1
V

19
2I

In
th

e
h

el
ix

a
I

rs
15

12
67

43
0

3:
16

74
02

16
13

:1
67

40
21

61
C

/T
–

SN
P

db
SN

P
ES

P
0.

47
0

Q
20

6E
In

th
e

h
el

ix
a

I
C

O
SM

72
92

22
3:

16
74

02
11

93
:1

67
40

21
19

G
/C

–
sS

N
V

C
O

SM
IC

–
0.

78
0.

00
3

A
21

2S
A

t
th

e
C

-t
er

m
in

al
en

d
TM

P_
ES

P_
3_

16
74

02
10

1
3:

16
74

02
10

13
:1

67
40

21
01

C
/A

–
SN

P
ES

P
ES

P
0.

53
0.

00
1

SS
,s

om
at

ic
_s

u
bs

ti
tu

ti
on

;
sS

N
V

,s
om

at
ic

_S
N

V
;

M
O

,M
u

lt
ip

le
_o

bs
er

va
ti

on
s.

A. Kumar et al. / Biochemical and Biophysical Research Communications 455 (2014) 98–106 103
arrows in Fig. 3A as E52Q (in the helix aC), Y91C (in the loop join-
ing helices aE–aF), and S115C (at the end of the helix aF) as
marked in red surface areas in Fig. 3B. The comparison of known
structure and with these three mutations are shown in Fig. 3C.
However, there is no significant difference can be visualized using
homology modeling. Four stop-gained mutations were also identi-
fied (Table 4) at positions E34 (at the end of the helix aB), E68 (at
the end of the helix aD), E97 (in the loop joining helices aD-aE)
and E140 (in the helix aG), where glutamate codon G-A-[AG] chan-
ged at the first position, leading into stop codons, T-A-[AG].
4. Discussion

The common vascular dysplasia, cerebral cavernous malforma-
tion affects both systemic and central nervous system blood ves-
sels. Understanding of the CCM complexes and associated
functional networks are still in their infancies as individual compo-
nents or genes are still not fully characterized. Here we have com-
piled and analyzed CCM3/PDCD10 gene from various animal
genomes using sequence, genomic structure, gene structure pat-
tern, and genetic variants.

CCM3/PDCD10 gene structure is conserved for about 500 MYs
from B. floridae to human (Fig. 1A). There are three intron gains
and single intron loss events when compared to sea urchin to B.
floridae and insects to sea urchin, respectively (Fig. 1B). These
‘‘intron gains’’ and ‘‘intron loss’’ have been occurred between
700–550 MY. In contrast, reversely flanking neuroserpin orthologs
depict different fates of exon–intron patterns, which are only con-
served only invertebrates for about 450MYA. This serpin is
member of the group V3 in the six group-wise vertebrate serpin
(V1–V6) classification system, based on gene structure patterns
[20]. But gene structure of neuroserpin is conserved as an ‘‘8-exon’’
architecture only in vertebrates and although neuroserpin ortholog
is detected from sea anemone to human by tracing amino acid
motifs, indels and syntentic organization [20]. None of the inverte-
brate serpins share gene structures [21,22] with this serpin [20].
These two physically-linked genes depicts that gene structural
changes occurs at the different time points and are independent
of close proximities. Genome changes normally accompanied by
influx of changes of several types including gene structural genes.
Spliceosomal introns and their splicing machineries are hallmarks
of eukaryotic genomes and complexities in the gene regulation.
However, the conundrums about creation of introns are associated
with the discovery of introns about three and half decades ago [23].
Introns are either created or lost throughout eukaryotic evolution
[24–29]. So far there are seven different mechanisms have been
proposed for intron gain/invasions [27,28], which included intron
transposition with partial recombination, transposon insertion,
tandem genomic duplication using duplicated splice sites, dou-
ble-strand break repair (DSBR), group II intron insertion, intron
transfer (vii) intronization. These mechanisms are working on
intron creation and losses in general and these can explain origin
of novel introns and losses in CCM3/PDCD10 gene.

Indels are devising method for diversities in CCM3/PDCD10
gene across different animal genomes, largely in the N-terminal
dimerization region (Fig. 2). Short indels are equally sensitive as
primary sequences. These are significant factors in the mutational
input for the evolutionary process. Indels are rare genomic charac-
ters, which are phylogenetic markers during evolution. There are
several examples of indels being used as phylogenetic markers in
eukaryotic genomes such as in case of vertebrate serpins
[20,30–34], melanocortin receptors [35], bem46 gene [36] and also
used for phylogenetic positioning of trichomonads [37]. Highly
complex mutational mechanisms are needed to deal with exonic
indels in comparison to single base substitutions.



Table 4
List of genetic variants of human CCM3/PDCD10 that caused gain of stop codon deduced from 1000 genome data.

Mutants Structural location Variant ID Chromosomal location Alleles Class Source

E34⁄ At the end of the helix aB COSM729219 3:1674226803:167422680 C/A Somatic_SNV COSMIC
E68⁄ At the end of the helix aD COSM336719 3:1674148633:167414863 C/A Somatic_SNV COSMIC
E97⁄ In the loop joining helices aD-aE COSM370867 3:1674134903:167413490 C/A Somatic_SNV COSMIC
E140⁄ In the helix aG COSM1219904 3:1674054593:167405459 C/A Somatic_SNV COSMIC

Fig. 4. Phylogenetic history of CCM3/PDCD10 in selected vertebrates (square) and invertebrates (circles) demonstrates presence of this gene for about 700 MY. This is a
bootstrap consensus tree based on 1000 replicates. Following color-coding was followed in this tree:insects (cyan), worm (red), sea urchin (light green circle), human (green
square), cow (orange square) and fishes (blue square), amphioxus (yellow triangle; BLF). (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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We identified 951 CCM3/PDCD10 variants by analysis of 1092
human genomes with SNPs (84%), being top variation class and fol-
lowed by insertions (6.9%) and deletions (6.2%). The human CCM3/
PDCD10 protein possesses 22 missense mutations and three were
detected as deleterious for CCM3/PDCD10 protein by SIFT and
POLYPHEN V2 tools (Table 3 & Fig 3). We also identified four termi-
nal codon gaining mutations at the positions E34⁄, E68⁄, E97⁄ and
E140⁄, respectively (Table 4). These terminal codon-gaining muta-
tions are medically important as the ‘‘loss-of-function’’ mutational
sites of CCM3/PDCD10 are important for understanding the patho-
genicity associated with the development of cerebral cavernous
malformation. Even a single loss-of-function mutations are valued
as such as in the case of a recent studies, where Q200⁄ was identi-
fied by direct sequencing approach [38]. Hence, the four loss-of-
function mutations identified in this work are of great medical
importance. In addition, the other 951 genetic variants/mutations
identified in this study may also have clinical significance (Tables
2–4 and S2). Our study shade light into angiogenesis and function
of endothelial cell functions. This is due to the fact that CCM pro-
teins are associated with the origin of endothelial cells and devel-
opment of tubes (due to differentiation) by these cells. Although
the true endothelial cells are found in the vertebrates with cardio-
vascular organizations only, however invertebrates too contain a
transitional circulatory systems [39], such as an open circulatory
systems in arthropods (insects and crustaceans) and non-cephalo-
pod molluscs (clams, snails and slugs) [40]. Invertebrate vessels are
associated by extracellular matrix. The blood vessels of some
invertebrates (including cephalopods, annelids, and amphioxus)
have cells clinging to the luminal surface, internal to the basement
membrane [40]. These cells are called as ‘endothelial cells’ in B.
floridae [41,42] and D. melanogaster [43]. But, these have
incomplete lining as these lack intercellular junctions, which are
prominent features of vertebrate endothelial cells. Sometimes,
these cells appear attached to the underlying basal lamina. A more
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appropriate term for this cell type is an amoebocyte. These amoeb-
ocytic cells may serve as an evolutionary precursor of the endothe-
lial cell [39,40].

Majority of organs are composed of epithelial/endothelial cells,
which form tubular organizations, and the junctional complexes
maintain the intercellular or auto-cellular connections that seal
the cells into selectively permeable tubes [44]. Recently, it is
shown that CCM3 and GCKIII are required to avoid terminal cell
tube dilation in the Drosophila tracheal system [44], in the similar
manner as it is expected for CCM networking in the human [5,6].
By combining conserved sequence and syntenic organizations
and presence of CCM3/PDCD10 gene from insects to human as
shown in the phylogenetic tree (Fig. 4) with CCM3/GCKIII signaling
pathway, it appears that at least a common pathway exists from
insects to human for about 700 MY. These findings also support
the existence of cardiovascular physiological similarities between
vertebrates and insects as reported earlier for D. melanogaster
[40]. We corroborates that CCM proteins are essential for endothe-
lial cell-based tube formation and dilation. This hints that these
networks have been evolved from Drosophila to human for about
700 MY, at least in primitive forms as junctional complexes. These
complexes are required to be studies extensively in human, amphi-
oxus, and insects, so to elaborate on the conserved signaling path-
ways that are functional from insects to human. It is also important
to investigate further the roles of junctional proteins in the context
of development as well as maintenance of endothelial cells. This
will provide insight into the CCM complexes, and signaling,
required for normal vasculogenesis including tube formation and
regulation of tube dilation.

Taken together, our study provides important insights into
chromosomal organization, exon–intron patterns, indels and
genetic variants of CCM3/PDCD10 gene. CCM3/PDCD10 is
conserved on same genomic loci for 700 MYA. Gene structural vari-
ations are observed in sea urchin and flies. The N-terminal segment
of CCM3/PDCD10 is demarked by indels. CCM3/PDCD10 has 951
variants in 1092 human genomes originated from 14 populations.
There are 22 missense variants in CCM3/PDCD10 among which
three are deleterious in nature. Four terminal codon-gaining muta-
tions were identified in this gene. Upon comparing with roles and
corresponding signaling pathways in human to insects, this gene
appears to support endothelial developments in invertebrates, a
process which is conserved for about 700 MYs.
Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.bbrc.2014.10.105.
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