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Smooth muscle disorders affecting both the intestine and the bladder have been known for a decade. 
However, the recent discovery of genes associated with these dysfunctions has led to the description 
of several clinical phenotypes. We performed a systematic review of all published cases involving 
seven genes with pathogenic variants, ACTG2, MYH11, FLNA, MYLK, RAD21, MYL9 and LMOD1, 
and included 28 articles describing 112 patients and 5 pregnancies terminated before birth. The most 
commonly described mutations involved ACTG2 (75/112, 67% of patients), MYH11 (14%) and FLNA 
(13%). Twenty-seven patients (28%) died at a median age of 14.5 months. Among the 76 patients for 
whom this information was available, 10 (13%) had isolated chronic intestinal pseudo-obstruction 
(CIPO), 17 (22%) had isolated megacystis, and 48 (63%) had combined CIPO and megacystis. The 
respective proportions of these phenotypes were 9%, 20% and 71% among the 56 patients with 
ACTG2 mutations, 20%, 20% and 60% among the 10 patients with MYH11 mutations and 50%, 50% 
and 0% among the 7 patients with FLNA mutations.

1. Introduction

Smooth muscle motility disorders are a set of 
congenital diseases often associated with chronic 
intestinal pseudo obstruction (CIPO), hypoperistalsis, 
megacystis and/or microcolon (1-3). There are no 
pathognomonic signs and until recently, these disorders 
could only be diagnosed clinically, often at birth but 
sometimes prenatally (4,5). The characteristic symptom 
is abdominal distension, suggestive of mechanical 
obstruction but without radiologically or surgically 
detectable mechanical obstruction or any organic, 
systemic or metabolic disease (6,7). The rarity of 
these conditions means that epidemiological data are 
scarce and only small case series have been reported 
(8). In the last few years however, several genes with 
pathogenic variants that encode proteins involved 
in smooth muscle contraction have been associated 
with these phenotypes: ACTG2 (9-24), MYH11 (24-
28), LMOD1 (29), MYLK (30), MYL9 (31), FLNA 
(32-34) and RAD21 (35). Little is known about the 
different phenotypes or their evolution. We therefore 
performed a systematic review of all published cases 

of smooth muscle motility disorders associated with 
mutations in these seven genes to summarize current 
genetic knowledge and provide an overview of the 
clinical phenotypes, treatment methods and outcomes 
of these congenital diseases in terms of the associated 
mutations.

2. Literature search strategies and analysis methods

2.1. Search strategies

The literature review was conducted according to 
PRISMA guidelines. A MEDLINE (PubMed) search 
was performed on 2 October 2020 using the following 
terms: "ACTG2 CIPO", "ACTG2 hypoperistalsis", 
"ACTG2 smooth muscle motility disorders", "MYH11 
CIPO", "MYH11 hypoperistalsis", "MYH11 smooth 
muscle motility disorders", "FLNA hypoperistalsis", 
"FLNA CIPO", "FLNA smooth muscle motility 
disorders", "MYLK CIPO", "MYLK hypoperistalsis", 
"MYLK smooth muscle motility disorders", "RAD21 
CIPO", "RAD21 hypoperistalsis", "RAD21 smooth 
muscle motility disorders", "MYL9 hypoperistalsis", 
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"MYL9 CIPO", "MYL9 smooth muscle motility 
disorders", "LMOD1 CIPO", "LMOD1 hypoperistalsis", 
and "LMOD1 smooth muscle motility disorders".
 Another search was performed on March 2020 in 
Google Scholar for articles cited by Halim et al. 2017 
(29), Moreno et al. 2018 (31), Gauthier et al. 2015, 
Bonora et al. 2015 (33), Oda et al. 2016 (34), and 
Wangler et al. 2014 (10).The resulting articles were 
included if they contained a clinical description of 
patients with mutations in one of the seven considered 
genes. No ethics approval was required under French 
law as the study only involved data analysis. Database 
data were used in accordance with the corresponding 
data use agreements.

2.2. Selection and description of cases

Cases were included if they were associated with 
mutations in either ACTG2, MYH11, FLNA, MYLK, 
RAD21, MYL9 or LMOD1 and if gastrointestinal or 
urologic symptoms were described. The data collected 
were the patients' sex, anthropometric data at birth and 
at last follow-up, prenatal manifestations (megacystis, 
hydronephrosis, dilated bowel), and digestive and urinary 
manifestations (signs of CIPO, presence of megacystis, 
description of colon). The mode of inheritance of the 
mutation, use and duration of parenteral nutrition, need 
for ostomy, bladder catheterization or vesicostomy, and 
mortality and cause of death were also recorded.

2.3. Statistical analysis

Statistical analyses were performed using biostatgv 
(https://biostatgv.sentiweb.fr/). Variables were expressed 
as number, percentage and median. Birth weight 
percentiles were calculated using Audipog (https://www.
audipog.net/Courbes-morpho). Weight Z-scores were 
calculated using Peditool (https://www.peditools.org/). 
P-values < 0.05 were considered statistically significant. 
Protein–protein interaction networks were built using the 
STRING (Search Tool for the Retrieval of Interacting 
Genes/Proteins; https://string-db.org/) database, using 
defaults settings with the highest confidence score (0.9) 
and without text mining.

3. Results

3.1. Population

Sixty-one articles were retrieved using the search terms, 
of which 28 satisfied the inclusion criteria (Supplemental 
Figure S1, http://www.irdrjournal.com/action/
getSupplementalData.php?ID=119). Among the 117 
cases described (61 male, 53 female, 3 of unknown sex), 
5 (2 male, 2 female and 1 of unknown sex) were only 
included in the analysis of prenatal signs because the 
corresponding pregnancies were terminated before birth. 

The patients' clinical characteristics are listed by gene 
mutation in Table 1. Follow-up information was available 
for 83 patients. The median age at last follow-up was 
16.5 years (198 months; range, 0.2–882 months). The 
mortality rate was 28% (the information of the outcome 
was known for 95 patients, among them 27 patients have 
died), with a median age at death of 14.5 months (range, 
0.2–414 months).

3.2. Mortality

The outcome of 17 patients (15%) was unknown. 
The mortality rate was 8.8 per 1,000 patients-years. 
Information on the cause of death was available in 16/27 
cases: four patients each died of sepsis, multisystem 
organ failure, and single organ failure (liver failure, 
pancreatitis, cardiac arrest, and respiratory failure), 
two patients died after treatment was discontinued, one 
died of surgical complications and for one there was no 
obvious cause of the death. The Kaplan–Meier survival 
curve is shown in Supplemental Figure S2 (http://
www.irdrjournal.com/action/getSupplementalData.
php?ID=119 ).

3.3. Prenatal signs

Prenatal signs were described for 58/117 patients 
(50%), including 44/77 (57%) of those with an ACTG2 
mutation, 5/18 (28%) of those with an MYH11 mutation, 
4/14 (29%) of those with a FLNA mutation and all 5 
patients with a MYLK, MYL9 or LMOD1 mutation 
(Supplemental Table S2, http://www.irdrjournal.com/
action/getSupplementalData.php?ID=119). The prenatal 
signs were mainly in the urinary tract: megacystis (55 
patients), hydronephrosis (14 patients), polyhydramnios 
(13 patients) and oligohydramnios (11 patients). Prenatal 
gastrointestinal signs such as a dilated or echogenic 
bowel were reported in six patients. For the 14 patients 
with available data the median birth term was 38 
weeks and the median birthweight Z-score was 0.175 
(Supplemental Table S3, http://www.irdrjournal.com/
action/getSupplementalData.php?ID=119).

3.4. Pattern of inheritance

The inheritance pattern of the ACTG2 mutations was in 
most cases (54/77) autosomal dominant but five cases 
involved a family history of the mutation. The inheritance 
of the MYH11, MYLK, MYL9 and RAD21 mutations was 
autosomal recessive in 20/36 cases. X-linked recessive 
inheritance was described for one FLNA mutation.

3.5. Phenotypes

Information on the patients' clinical symptoms, 
including bladder and/or intestinal involvement, 
was available for 76 patients (Supplementary 

114



www.irdrjournal.com

Intractable & Rare Diseases Research. 2022; 11(3):113-119.115

T
ab

le
 1

. P
at

ie
nt

 c
lin

ic
al

 c
ha

ra
ct

er
is

tic
s a

cc
or

di
ng

 to
 g

en
e 

m
ut

at
io

n

G
en

e

AC
TG

2
M

YH
11

FL
N

A
M

YL
K

RA
D

21
M

YL
9

LM
O

D
1

TO
TA

L

n

75
 (6

7%
)

  1
6 

(1
4.

3%
)

  1
4 

(1
2.

5%
)

  2
 (1

.8
%

)
  3

 (2
.7

%
)

  1
 (0

.9
%

)
  1

 (0
.9

%
)

11
2

D
at

a 
ar

e 
ex

pr
es

se
d 

as
 n

um
be

r (
pe

rc
en

ta
ge

) o
r m

ed
ia

n 
(r

an
ge

, n
um

be
r o

f o
bs

er
va

tio
ns

). 
* ca

lc
ul

at
ed

 o
nl

y 
if 

m
or

e 
th

an
 2

 p
at

ie
nt

s.C
IP

O
, c

hr
on

ic
 in

te
st

in
al

 p
se

ud
o-

ob
st

ru
ct

io
n.

A
liv

e/
D

ea
d

45
/2

0
14

/2
7/

0
0/

2
2/

1
0/

1
0/

1
68

/2
7 

(7
2%

)

M
al

e/
Fe

m
al

e

33
/4

0 
(4

4%
)

 1
0/

6 
(6

3%
)

13
/1

 (9
3%

)
  1

/1
 (5

0%
)

  2
/1

 (6
7%

)
0/

1
0/

1
59

/5
1 

(5
4%

)

A
ge

 a
t l

as
t f

ol
lo

w
-u

p 
(m

on
th

s)

   
13

8 
(0

.2
-8

82
, n

 =
 5

4)
   

37
8 

(0
.5

-8
46

, n
 =

 1
6)

24
0 

(7
2-

61
8,

 n
 =

 7
)

 0
.5

 (n
 =

 1
)

35
4 

 (3
18

-3
66

, n
 =

 3
)

  2
0 

(n
 =

 1
)

0.
2 

(n
 =

 1
)

 1
98

 (0
.2

-8
82

, n
 =

 8
3)

A
ge

 a
t d

ea
th

 
(m

on
th

s)

   
 2

1.
5 

(0
.2

-4
14

, n
 =

 1
2)

9.
25

 (0
.5

-1
8,

 n
 =

 2
)

-
 0

.5
 (n

 =
 1

)
35

4 
(n

 =
 1

)
  2

0 
(n

 =
 1

)
 0

.2
 (n

 =
 1

)
14

.5
 (0

.2
-4

14
, n

 =
 1

8)

D
ea

th
 ra

te
 p

er
 1

,0
00

 
pa

tie
nt

s-
ye

ar
a

13
.5

1
3.

52 0 -
11

.6 - -
8.

8/
10

00
 p

at
ie

nt
s p

er
 y

ea
r

Pr
en

at
al

 si
gn

sb , 
ye

s/
no

44
/6

5/
0

4/
0

3/
0 - 1/
0

1/
0

58
/6

 (9
1%

)

C
IP

O
ye

s/
no

56
/1

1
14

/2
7/

7
2/

0
3/

0
1/

0
0/

1
83

/2
1 

(8
0%

)

M
EG

A
C

Y
ST

IS
ye

s/
no

59
/5

8/
2

3/
2

1/
0 - 1/
0

1/
0

73
/9

 (8
9%

)

C
ol

on
m

ic
ro

/n
or

m
al

/m
eg

a

21
/2

4/
2

3/
-/- -

1/
-/- -

1/
0/

0
1/

0/
0

27
/2

4/
2 

(5
1%

)

T
ab

le
 1

. P
at

ie
nt

 c
lin

ic
al

 c
ha

ra
ct

er
is

tic
s a

cc
or

di
ng

 to
 g

en
e 

m
ut

at
io

n 
(c

on
tin

ue
d)

G
en

e

AC
TG

2
M

YH
11

FL
N

A
M

YL
K

RA
D

21
M

YL
9

LM
O

D
1

TO
TA

L

Pa
re

nt
er

al
 n

ut
rit

io
n 

ye
s/

no

39
/9

3/
6

4/
0 - 1/
0

1/
0

1/
0

49
/1

5 
(7

7%
)

D
at

a 
ar

e 
ex

pr
es

se
d 

as
 n

um
be

r (
pe

rc
en

ta
ge

) o
r m

ed
ia

n 
(r

an
ge

, n
um

be
r o

f o
bs

er
va

tio
ns

). 
* ca

lc
ul

at
ed

 o
nl

y 
if 

m
or

e 
th

an
 2

 p
at

ie
nt

s.C
IP

O
, c

hr
on

ic
 in

te
st

in
al

 p
se

ud
o-

ob
st

ru
ct

io
n.

Pa
re

nt
er

al
 n

ut
rit

io
n 

w
ea

ni
ng

 y
es

/n
o

2/
25 0/
2

1/
1 - 0/
1

0/
1

0/
1

3/
31

 (9
 %

)

A
ge

 a
t s

ta
rt 

of
 p

ar
en

te
ra

l 
nu

tri
tio

n 
(m

on
th

s)

   
 0

 (0
-4

2,
 n

 =
 1

9)
0 

(0
-0

, n
 =

 2
)

0 
(0

-0
, n

 =
 2

)
- -

0 
(n

 =
 1

)
0 

(n
 =

 1
)

0 
(0

-4
2,

 n
 =

 2
5)

A
ge

 a
t p

ar
en

te
ra

l n
ut

rit
io

n 
w

ea
ni

ng
 (m

on
th

s)

90
 (n

 =
 1

)
-

  9
 (n

 =
 1

)
- - - -

49
.5

 (9
-9

0,
 n

 =
 2

)

St
om

y 
ye

s/
no

16
/4

2
1/

7
2/

5
0/

1
0/

2
1/

0
0/

1
20

/5
8 

(2
6%

)

Ile
os

to
m

y 
ye

s/
no

29
/2

8
1/

7
0/

2
1/

0
0/

2
1/

0
0/

1
32

/4
0 

(4
4%

)

B
la

dd
er

 c
at

he
te

riz
at

io
n 

or
 

ve
si

co
st

om
y 

ye
s/

no

36
/3

1/
0

3/
2

1/
0 -/- 1/
0

1/
0

43
/5

 (9
0%

)



www.irdrjournal.com

Intractable & Rare Diseases Research. 2022; 11(3):113-119. 116

Table S1,  http:/ /www.irdrjournal .com/act ion/
getSupplementalData.php?ID=119 ) .  Figure 1 
shows a Venn diagram of the most common clinical 
phenotypes, along with separate diagrams for the 
three most commonly associated genes, ACTG2, 
MYH11 and FLNA. The most common phenotype was 
CIPO associated with megacystis (in 68% of patients 
whose symptoms were described). A few patients 
with FLNA and LMOD1 mutations had isolated CIPO 
and 4/10 patients with a MHY11 mutation had either 
isolated CIPO (n = 2) or isolated megacystis (n = 2). 
Descriptions of the bladder (normal or enlarged) were 
lacking for all three patients with RAD21 mutations; 
none of these patients had CIPO (Supplemental 
Table S1,  http:/ /www.irdrjournal .com/act ion/
getSupplementalData.php?ID=119). 
 The colon was described in 47/75 patients with an 
ACTG2 mutation, among which 21 had microcolon, 
but only in 3/16 patients with a MYH11 mutation, all 
three of whom had microcolon. Descriptions of the 
colon were given for all two patients with either a 
MYL9 or LMOD1, and it was a microcolon for each. 
Only one description of the colon (microcolon) over 
the two patients for MYLK mutation. The colon was not 
described for any of the 17 patients with FLNA (n = 14) 
or RAD21 (n = 3) mutations.

3.6. Managements

Total parenteral nutrition (TPN) was known for 64/112 
patients and required in 49/64 patients (77%), 39 of 
whom had an ACTG2 mutation. TPN was typically 
started soon after birth (median age at start, 0 months; 
range, 0.2–42 months, n = 25) and weaning, when 
mentioned (n = 34), was only achieved in 3 patients 
(9%). The age at weaning was only described for two 
patients, who were respectively weaned at 9 and 90 
months. Intermittent catheterization or vesicostomy 
to ensure bladder decompression and prevent renal 
scarring or failure was mentioned for 48 patients, 
and performed for 43 of these (90%). Surgery was 
mentioned in 84 cases and performed for 71 of these 
patients (85%).

3.7. Protein interactions

Predicted protein-protein interactions using the 
STRING database indicate that five of the seven 
analyzed genes (ACTG2, MYH11, MYLK, MYL9 and 
LMOD1) are functionally associated as part of a larger 
unit (Supplementary Figure 3, http://www.irdrjournal.
com/action/getSupplementalData.php?ID=119). The 
networks built separately for each protein in turn show 
that LMOD1 interacts with all four other proteins, 
while the remaining four (ACTG2, MYH11, MYL9 and 
MYLK) only interact with three of the other four. This 
analysis also confirms that RAD21 and FLNA do not 

interact with the other proteins. Note that three proteins 
appear in several networks: ACTA2 and TPM2 interact 
with ACTG2, MYH11, MYL9 and LMOD1, and TPM1 
interacts with ACTG2, MYL9 and LMOD1.

4. Discussion

In this study, we reviewed all 117 published cases of 
smooth muscle motility disorder linked to seven genes 
with pathogenic mutations: ACTG2, MYH11, FLNA, 
MYLK, RAD21, MYL9 and LMOD1. The main finding 
is that the most commonly described phenotype is 
combined CIPO and megacystis, similar to what has 
been described for megacystis microcolon intestinal 
hypoperistalsis syndrome (MMIHS) (1,2,4) — although 
microcolon was not systematically reported in the cases 
reviewed here — and to pediatric intestinal pseudo-
obstruction (PIPO) (36). 
 We identified five major genes implicated in these 
cases, ACTG2, MYH11, MYLK, MYL9 and LMOD1, 
as noticed previously by Ambartsumyan et al. (6). We 
started our analysis with the seven genes associated 
in the literature with smooth muscle motility disorder, 
and then classified the phenotypes of the corresponding 
patients, rather than starting with known phenotypes 
(such as MMIHS, CIPO, multisystemic smooth muscle 
dysfunction syndrome, hollow visceral myopathy, 
prune belly syndrome) to identify genes as done in 
previous studies. This is a major strength of this study, 
one of the largest reviews of published cases of smooth 
muscle motility disorder. Our results confirm that there 
is high phenotype variability for all the considered 
gene mutations, which clearly limits the possibility 
of associating distinct forms of smooth muscle 
motility disorder with particular genes. Note that other 
phenotypes, such as isolated megacystis and isolated 
CIPO, are also possible.
 In a systematic review of patient outcomes in 
MMIHS (37), Gosemann and Puri found that 80% of 
children with MMIHS died before adulthood (the oldest 
MMIHS patents alive were reported to be 19 and 24 
years old). The mortality rate in the cases reviewed 
here was 28%, with 84% survival at five years and 
80% at ten years. The major causes of death were 
sepsis and multisystemic organ failure, probably as 
a result of improved management of these diseases. 
Soh et al. (38) found likewise in their 2015 review of 
cases in Japan, with 42% of children diagnosed with 
MMIHS dying of enteritis or sepsis and five and ten-
year survival rates of 63% and 57%. Further studies to 
explore the outcomes and clinical effectiveness of total 
parenteral nutrition and with multiorgan transplantation 
with multidisciplinary care are required to evaluate 
current survival rates, even if no specialized treatment 
is yet available. Our review confirms that smooth 
muscle motility disorders are severe diseases, with total 
parenteral nutrition required in many cases and weaning 
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very rare (in only 9% of cases this series). It is unclear 
whether the better outcomes identified in this study are 
due to gene analyses or to improved care in the past few 
years.
 The limitations of this study include different levels 
of missing patient data in the included articles, and the 
fact that cases were selected based on gastrointestinal 
and/or urological symptoms only, meaning, for 
example, that patients with an FLNA mutation but only 
neurological symptoms were not included. Our results 
may also be biased by the initial distribution of the 
genes with 67% of cases associated with an ACTG2 
mutation, the main gene encoding the smooth muscle 
actin found in enteric tissues, 14% associated with 
MYH11 mutations, and 13% with FLNA, while only 6% 
of cases involved MYLK, MYL9, RAD21 or LMOD1 
mutations. 
 Our analysis based on the STRING database 
suggests the five main genes (ACTG2, MYH11, MYLK, 
MYL9 and LMOD1) are related as part of a protein 
interaction network, the same five genes identified by 
Ambartsumyan et al. (6) in cases of MMIHS. These 
proteins also share interaction partners, namely ACTA2, 
TPM1, TPM2. An ACTA2 mutation has been described in 
a case of multisystemic smooth muscle dysfunction (24), 
a severe phenotype with visceral myopathy. Heterozygous 
variants of ACTA2 were first described in individuals 
with familial thoracic aortic aneurysm (39), a phenotype 
also described for pathogenic MYH11 variants. It would 
be interesting to see if the two other shared interaction 
partners, TPM1 and TPM2, are also implicated in other 
forms of motility disorders or might be predicted to be if 
no case has yet been described in the literature. 
 In conclusion, smooth muscle motility disorders 

are rare, often unrecognized, severe diseases, due to 
impaired smooth muscle function, whose complications 
are disabling and can be life-threatening in short to 
medium term. Our review highlights the variability 
of clinical phenotypes for each gene mutation, 
preventing any simple gene–phenotype association. 
Multigene panel testing of ACTG2, MYH11, MYLK, 
MYL9 and LMOD1 should be considered in patients 
with hypoperistalsis, signs of CIPO and/or enlarged 
bladder, or with prenatal signs such as megacystis. The 
variability of symptoms makes this group of smooth 
muscle motility disorders a diagnostic challenge but 
information on associated genetic variants should 
facilitate diagnosis and classification.
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