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Abstract

Background and Aims: The initial description of a heterozygous dominant ACTG2 variant 

in familial visceral myopathy was followed by the identification of additional variants in other 

forms of intestinal dysmotility disorders. we aimed to describe the diverse phenotype of this newly 

reported and rare disease.

Methods: Report of 4 new patients, and a systematic review of ACTG2-related disorders. 

we analyzed the population frequency and used in silico gene damaging predictions. Genotype-

phenotype correlations were explored.
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Results: One hundred three patients (52% girls), from 14 publications, were included. Twenty-

eight unique variants were analyzed, all exceedingly rare, and 27 predicted to be highly 

damaging. The median Combined Annotation Dependent Depletion (CADD) score was 29.2 

(Interquartile range 26.3–29.4). Most patients underwent abdominal surgery (66%), about half 

required intermittent bladder catheterization (48.5%), and more than half were parenteral nutrition 

(PN)-dependent (53%). One-quarter of the patients died (25.7%), and 6 required transplant 

(5.8%). Girls had a higher rate of microcolon (P = 0.009), PN dependency (P = 0.003), and 

death/transplant (P = 0.029) compared with boys, and early disease onset (<2 years of age) was 

associated with megacystis-microcolon-intestinal hypoperistalsis syndrome (MMIHS) features. 

There was no statistical association between disease characteristics and CADD scores.

Conclusions: Damaging ACTG2 variants are rare, often associated with MMIHS phenotype, 

and overall have a wide phenotypic variation. Symptoms usually present in the perinatal period 

but can also appear at a later age. The course of the disease is marked by frequent need for 

surgical interventions, PN support, and mortality. Poor outcomes are more common among girls 

with ACTG2 variants.

Keywords

ACTG2 ; dysmotility; megacystis-microcolon-intestinal hypoperistalsis; visceral myopathy

The ACTG2 protein (Actin Gamma 2, Smooth Muscle), encoded by a gene that carries 

the same name, is an evolutionarily conserved and structurally complex protein. It is a 

member of the actin family, and makes up a critical component of the cytoskeleton of 

enteric smooth muscle cells. Intestinal dysmotility secondary to ACTG2 mutation was first 

reported by Lehtonen et al (1) in 2012 in a large Finnish family with a familial visceral 

myopathy (FVM), with 8 adults carrying a heterozygous ACTG2 R148S variant, with 

an autosomal dominant inheritance, and a striking phenotypic heterogeneity: 3 subjects 

died, 1 remained dependent on parenteral nutrition (PN), and was listed for small bowel 

transplantation, whereas the remainder had mild-moderate symptoms and were orally fed. 

An insight into the molecular mechanism of ACTG2 disorder was also provided: aberrant 

actin filaments appeared to aggregate in abnormal intracellular inclusion bodies in the small 

bowel, esophagus, and bladder of affected patients, leading to reduced muscle contractility 

(1).

This initial description was followed by the identification of additional ACTG2 variants in 

other forms of visceral myopathies, such as megacystis-microcolon-intestinal hypoperistalsis 

syndrome (MMIHS) (2,3) and Prune belly syndrome (3). It became evident that ACTG2 
variants underly the genetics in an important subset of patients with chronic intestinal 

pseudoobstruction (CIPO) (4) and dysmotility disorders, particularly in pediatric intestinal 

pseudoobstruction (PIPO). To date, the diverse phenotype of ACTG2-related disorders 

remains relatively ill-defined and is limited to case reports and small case series. In this 

context, we aimed to conduct a systematic review of the literature to describe the full 

spectrum of the ACTG2 mutation-associated phenotype, to explore genotype-phenotype 

correlations and to report additional 4 cases, including a novel ACTG2 variant.
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METHODS

We report 4 unrelated cases of patients with CIPO and ACTG2 mutations followed at our 

centers. All methods were carried out in accordance with institutions’ Research Ethical 

Board (REB) guidelines and regulations.

Systematic Review

A systematic review on ACTG2-related disorders was conducted and aligned 

with the Preferred Reporting Items for Systematic reviews and Meta-Analyses 

(PRISMA) guidelines (5,6). The protocol was registered on PROSPERO International 

Prospective Register of Systematic Reviews database (CRD42020177543). The protocol 

and search strategy can be found at: https://www.crd.york.ac.uk/PROSPEROFILES/

177543_PROTOCOL_20200421.pdf.

Original articles describing an ACTG2 variant(s) and reporting on genetic testing and 

clinical course were considered eligible. Meeting abstracts, letters to the editor, review 

papers, and non-English manuscripts were excluded. Two authors (N.S.S. and K.H.) 

screened the titles and abstracts independently and in duplicate to assess for eligibility. This 

screening was blinded and performed via Rayyan QCRI application (7). Whenever there 

was insufficient information available in the abstract, the full text was reviewed. Full-text 

articles were assessed for the final selection: publications with potential overlapping reports 

were thoroughly analyzed and data from the most detailed publication was included; finally 

studies in which available information included less than 50% of available fields for the 

qualitative synthesis, were excluded.

Relevant information was independently abstracted by the 2 reviewers using a structured 

case report form. Any discrepancies in study selection or data extraction were resolved 

through discussion and consensus, and whenever necessary, with the senior author’s 

assistance (Y.A.).

Genetic Analysis

To characterize the genetic impact of the reported ACTG2 variants, the following in 

silico damaging predictions were obtained: Combined Annotation Dependent Depletion 

(CADD) Phred scores (version 1.6) (8,9), minor allele frequencies (from gnomAD 

version 2.1.1) (10), and a subset of scores (15 scores that provide binary predictions) 

from the database for Nonsynonymous SNPs’ Functional Predictions (dbNSFP version 

4.1a) (11,12): DEOGEN2, FATHMM, FATHMM-MKL, FATHMM-XF, LRT, M-CAP, 

MetaLR, MetaSVM, MutationTaster2, Mutation Assessor, Polyphen2-HDIV, Polyphen2-

HVAR, PrimateAI, PROVEAN, and SIFT4G. Variants were summarized using GRCh 38 

coordinates. If less than 12 of the dbNSFP scores were not provided for a variant, a score 

was not reported. The summary of these binary scores and CADD Phred scores is provided 

in Table 1, Supplemental Digital Content, http://links.lww.com/MPG/C683.
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Data Analysis and Synthesis

After an initial qualitative review of all references, a broad number of clinical variables 

were selected. This was followed by a quantitative review of those variables. Variables 

were included in the final analysis if they were consistently reported in more than 50% 

of the publications. The following selected disease characteristics were analyzed: early 

onset (defined as disease onset before 2 years of age), microcolon, megabladder, need 

for intermittent bladder catheterization, surgery in a lifetime; selected outcomes were PN 

dependency, intestinal transplant (IT) or death. Surgery in a lifetime was defined as one of 

the following procedures: exploratory laparotomy, lysis of adhesions, gastrointestinal (GI) 

tract resection (stomach, small bowel, or colon), creation and revision of a stoma, insertion 

of a feeding tube, surgery for volvulus or malrotation, and gallbladder surgery. Central line 

placement was not included in this category.

Descriptive statistics were used to summarize the data. Univariate analysis was performed 

using the Mann-Whitney-Wilcoxon test for continuous variables, and Fisher exact test was 

used for categorical variables (disease characteristics and outcomes). A generalized linear 

mixed effect modeling with a log link function (the fixed effects terms were CADD scores, 

and family was added as the random effects term) was used to evaluate the relationship 

between CADD scores and disease characteristics or outcomes. Models of interaction 

between CADD and gender were also tested. Lastly, disease characteristics and outcomes 

were directly compared according to gender and age of disease onset. All statistical tests 

were 2-sided, and P values <0.05 were considered statistically significant. Analyses were 

performed using R version 4.0.1 (R Core Team).

RESULTS

Newly Reported Cases

Case 1: a 2-year-old Caucasian boy with a history of refractory constipation starting at 1 

year of age. Due to progressive abdominal distension and megabladder, he underwent a 

combined ileostomy and Mitrofanoff appendicovesicostomy at age 2 years. PN was initiated 

a month later and a gastrostomy tube was inserted for venting. Following the introduction of 

cisapride and omeprazole, PN was weaned after 3.5 months. Family history was significant 

for severe bowel dysmotility without significant bladder involvement in his mother, maternal 

grandmother, and great-grandmother, as well as mild-moderate constipation in his 2 siblings 

and uncle. Maternal obstetric history was positive for prolonged labor and life-threatening 

bleeding and 1 cesarean section. Whole exome sequencing (WES) was performed and 

revealed a novel and predicted to be damaging ACTG2 variant (c.968C>T, pPro323Leu

—described PMID 32084423) in the proband and his affected mother. The variant was 

validated by Sanger sequencing. Target ACTG2 testing also confirmed the presence of the 

variant in the 2 siblings (Fig. 1, Supplemental Digital Content, http://links.lww.com/MPG/

C682). Currently, the proband is 9 years old, and fully orally fed.

Case 2: a 4-year-old South Asian girl was referred for a second opinion. She had a prenatal 

history of megacystis, and in infancy suffered from constipation, and urinary retention 

with recurrent urinary tract infections (UTIs) despite catheterization. Parents are first-degree 
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cousins. At 18 months of age, with worsening constipation, abdominal distension, and 

feeding intolerance, she underwent an ileostomy. Microcolon was present. A gastrostomy 

tube for feeding and venting was later placed. She had no clinical response to domperidone, 

or cisapride. ACTG2 single gene testing (Blueprint Genetics) for ACTG2 revealed a variant 

of uncertain significance (VUS), c.617A>T; p.Glu206Val, predicted to be damaging by in 

silico tools. Her parents and older sister, unaffected, have not been tested. PN was initiated at 

4 years of age following worsening in dysmotility. Currently, she is 5 years old, and requires 

intravenous fluids to maintain hydration.

Case 3: a Caucasian girl born at 34 weeks presented with feeding intolerance shortly after 

birth. Prenatally, megacystis was noted. At birth, she underwent exploratory laparotomy 

and was found to have a perforated appendix, malrotation, microcolon, and megabladder. 

Postnatally, she was also diagnosed with aortic dilatation. Despite having a gastrostomy for 

decompression and multiple trials of prokinetic agents (metoclopramide, domperidone, and 

cisapride), she remained PN-dependent and developed progressive IFALD. She underwent a 

multivisceral transplant at age 5 months. Bladder catheterization was required thereafter. At 

22 years of age, trio WES revealed a de novo ACTG2 variant c.532C>T; p.Arg178Cy. She 

has 1 unaffected younger sibling and no relevant family history. Currently, she is 23 years 

old with good graft function.

Case 4: a Caucasian boy was referred at ages 14 years because of severe, chronic 

constipation. His constipation had insidious onset starting around 6 months of age but 

became progressively worse. Microcolon or megabladder were not present. He did not 

respond to promotility drugs. Later, at the age of 18 years, following the development of 

progressive symptoms of chronic intestinal obstruction, he underwent an ileostomy and 

jejunostomy tube insertion, and became PN-dependent. Multiple exploratory laparotomies 

for lysis of adhesions and episodes of bowel obstruction followed the initial surgery. 

Finally, he underwent an extensive jejunal resection (residual small bowel, 80 cm), and a 

colectomy followed by symptomatic relief and an increase in enteral feeds. A full-thickness 

biopsy from the terminal ileum showed aberrant actin expression within muscularis propria; 

electronic microscopy showed a reduced number of filaments in the smooth muscle cells. 

Duo WES revealed a c.631C>T (p.Arg2111Ter) ACTG2 variant. He is the only child 

of a healthy mother, who tested negative for ACTG2 variants (biological father was not 

reachable). Currently, he is 23 years old and partially PN-dependent.

Literature Search Results

Sixty-one publications were identified, and 1 study was identified after the search period. 

Fourteen studies met the inclusion criteria (1,2,4,13–23) for quantitative synthesis (Fig. 2, 

Supplemental Digital Content, http://links.lww.com/MPG/C682). A total of 103 patients, 

including the 4 probands reported herein, with 28 unique ACTG2 variants were included 

(Fig. 1). Three publications were single case reports (13,21,22), whereas the largest cohort 

consisted of 33 families in which a molecular diagnosis of ACTG2 mutation was made; 

however, clinical data were available for 28 of these probands (23), and 10 of them had been 

previously described (3).
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Genetic Analysis

Among the 28 ACTG2 mutations identified (Table 1, Supplemental Digital Content, http://

links.lww.com/MPG/C683), 27 were single nucleotide variants (SNVs) and 1 was a 2-base 

pair inframe insertion-deletion (GC>AA); 26 out of the 27 SNVs resulted in missense 

mutations and 1 caused an immediate stop-gain nonsense mutation. Only 1 variant was 

found in a large-scale genome aggregation database (gnomAD) and was exceedingly rare. 

Out of the 15 damaging scores used from dbNSFP that met our analysis criteria (25 of 

28 variants), all the ACTG2 mutations except 1 were predicted to be damaging by 10 

or more (66%) of the scores. CADD Phred scores for the reported mutations (27 out of 

28) were high: only 2 mutations scored below 20. Amongst the 103 patients included 

in the analysis, the median CADD score was 29.2 (IQR:26.3–29.4). A density plot of 

CADD score distribution in the study population is presented in Figure 3, Supplemental 

Digital Content, http://links.lww.com/MPG/C682. Other ACTG2 mutations that have been 

reported in the ClinVar public mutation database, as well novel mutations reported after 

our literature search period are listed in Table 2, Supplemental Digital Content, http://

links.lww.com/MPG/C683.

Clinical Characteristics

Fifty-four patients were girls (52.4%). Prenatal ultrasound findings were reported in 

35.9% of patients with megacystis as the most frequent finding. Fifty-nine percentage had 

early onset of symptoms—before 2 years of age. A wide range of presenting symptoms 

beyond the typical presentation of PIPO was reported: feeding intolerance, absence of 

meconium passage, constipation, continuous or episodic abdominal pain, episodic vomiting 

and/or diarrhea, cholelithiasis, urinary retention, palpable bladder, and recurrent UTIs. 

Megabladder was more frequently documented than microcolon: 73.7% and 38.8%, 

respectively. Malrotation or volvulus was reported in 25.2% of cases. Patient demographics 

and clinical manifestations are summarized in Table 1 and Figure 2.

Sixty-six percentage of the patients underwent abdominal surgery, with ileostomy 

as the most common procedure. Almost half of the patients required intermittent 

bladder catheterization (48.5%). Length of PN in patients who were weaned off and 

pharmacotherapy were not consistently reported. There were some reports of gallbladder 

disease: cholelithiasis and cholecystectomy, cholecystitis, and a case report of a choledochal 

cyst (15). A variety of other associated manifestations were reported (listed in Table 3, 

Supplementary Digital Content, http://links.lww.com/MPG/C683), among which are pyloric 

stenosis in a 12-year-old (22), aortic dilatation, and obstetric complications (15). A detailed 

summary of surgical procedures can be found in Table 3, Supplementary Content, http://

links.lww.com/MPG/C683.

Outcomes

PN dependency was reported in 53.3% of the cases. Six patients underwent IT (5.8%), 2 

were listed for IT and 26.7% died. Cause of death included: infection/sepsis, noncompliance 

with treatment, malnutrition, intestinal obstruction, and liver failure. The mean age of death 

was 18 years (median 11; IQR 0.67–34). Treatment modalities and patient outcome are 

summarized in Table 1.
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Genotype-Phenotype Correlation and Analysis According to Gender and Age of Onset

There was no correlation between CADD score and selected disease characteristics or 

outcome. Further analysis using generalized linear mixed models’ methodology, to account 

for the nested (multiple observations within a family) structure of the data also did not reveal 

genotype-phenotype correlation. On the other hand, analysis according to gender, showed 

a statistically significant difference in rates of presence of microcolon (26% vs 48%, P = 

0.009), PN dependency (60% vs 91%, P = 003), and transplant or death (19% vs 40%, 

P = 0.029) suggesting a more severe disease phenotype in girls (Table 2). Finally, when 

patients were stratified according to disease onset, comparing those with onset before 2years 

of age (61 patients) to later onset (21 patients), a statistically significant difference in rates 

of presence of megacystis (90% vs 28%, P < 0.001), presence of microcolon (48% vs 0%, P 
< 0.001), surgery in a lifetime (85% vs 48%, P = 0.002), and need for intermittent bladder 

catheterization (78% vs 5%, P < 0.001) was noted, with higher rates in patients with early 

disease onset (Table 2). Of note, 21 patients (20.3%) were not included in this latter analysis, 

as the age of disease onset was not available.

DISCUSSION

Genetic etiologies for pediatric CIPO have been described in sporadic reports over the last 

decade, highlighting the importance of genetic analysis in the diagnostic process of PIPO 

(24). These novel genes include variants not only in the ACTG2 gene but also in other 

genes, such as MYH11, FLNA, MYLK, and LMOD1. Given the increasing number of 

CIPO cases reported to be secondary to ACTG2 variants (23,25), and the relative lack of 

knowledge on the wide clinical spectrum of these disorders, we sought to describe relevant 

disease characteristics and outcomes through a systematic review and to explore risk factors 

associated with these disease traits. We noted significant variations in disease onset and 

characteristics, high morbidity and PN dependency, high mortality, frequent need for IT and 

a more severe phenotype in girls and children with an early disease onset.

Overall, the ACTG2 variants reported were exceptionally rare, and predicted to be highly 

damaging to the ACTG2 protein by in silico analysis. In addition, the gnomAD variant 

population database supports a strong intolerance to both missense and loss of function 

variants in ACTG2, in accordance with the type of mutations identified in this review. 

Milunsky et al (4) have highlighted that most pathogenic variants previously published affect 

arginine residues, specifically Arg178 or Arg257. A phenotype-genotype correlation has 

been proposed by Assia Batzir et al (23), suggesting that the recurrent arginine substitutions 

are the primary driver of disease burden, and proposing a severity spectrum based on the 

position of arginine residue affected (Arg178>Arg257>Arg40). The significant inter- and 

intrafamilial phenotypic variability, however, observed suggests that the presence of other 

risk factors that remain to be elucidated, contribute to poor outcomes. The original report 

of ACTG2 mutations by Lehtonen et al, as well as the family of Case 1 in our study 

illustrate well this phenotypic variability. Wei et al (25) analyzed the influence of ethnicity 

and found that variants affecting Arg178 appeared to be less common in Chinese patients 

when compared with Caucasians.
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MMIHS is often cited as the most severe form of PIPO (26). Before the identification 

of ACTG2 as one of the genetic determinant of MMIHS, the role of gender was raised 

as a potential modifier in MMIHS: a female predominance was reported in the original 

description of the syndrome (27) and consistently reported afterwards (26,28). It was 

hypothesized that boys with MMIHS had a more severe phenotype compared with girls 

(29,30), although some authors questioned this observation as a possible consequence of 

reporting bias and underdiagnosis of MMIHS in male patients diagnosed with Prune Belly 

Syndrome (26). In that context, we investigated the role of gender in our systematic review. 

Overall, the gender distribution among patients with ACTG2 mutation was similar, whereas 

microcolon, a hallmark of MMIHS, was more frequently documented in female patients. In 

addition, girls were more likely to become PN-dependent, die, or undergo transplant.

Although a wide range of phenotypic severity and disease course exists, the potential for 

severe and life-threatening ACTG2-related disease is well described. Whenever patients 

were stratified according to the age at disease onset, a statistically significant difference 

was seen in the rates of urinary tract involvement, microcolon,andneedforsurgeryat early 

onset. These differences could not be solely explained by the deleteriousness of the ACTG2 

variant. Furthermore, these differences did not lead to a higher risk for a poor outcome, 

such as PN dependency, transplant, or death. On the other hand, PN dependency and risk of 

death and transplant were higher in girls. These findings and the wide phenotypic variety in 

families with the same mutation support the possibility that disease phenotype is influenced 

by other factors, such as disease modifiers (eg, female gender) and other yet to be identified 

factors.

Despite advances in the clinical characterization and insights into the genetics of CIPO, 

specific treatment strategies for this group of disorders are lacking. Therapy is essentially 

symptomatic with a limited therapeutic arsenal. Most studies in this systematic review did 

not report consistently on the medical management. A limited number of cases suggest 

that promotility drugs may improve symptoms and support reduction or weaning off PN. 

Often, the refractory nature and severity of symptoms lead to intestinal surgeries, stoma 

creation, intermittent bladder catheterization, PN dependency, and in selected cases, IT. Of 

note, a trend towards improvement in patient and graft survival in pediatric IT has been 

recently documented, with high-volume transplant centers reporting 5- and 10-year graft 

survival as high as 70% (31–33) and 65% (33), respectively. Particularly important in this 

context, a recent single center experience, however, showed inferior survival outcome in IT 

for ‘‘functional’’ intestinal failure (congenital diarrhea syndromes and/or motility disorders) 

compared with short bowel syndrome (33).

Limitations to our study include the possibility of selection bias in the publications of 

rare diseases and the fact that after the completion of this review, additional mutations 

have been described (25,34), highlighting the evolving data generation in ACTG2-related 

disorders. The small number of patients included in each study represents an important 

challenge for drawing definitive conclusions and conducting statistical analysis in some 

cases. Lastly, we were unable to establish a model between CADD scores and selected 

disease characteristics. These points emphasize the value of future research collaborations to 

better address genotypephenotype correlations.

Sandy et al. Page 8

J Pediatr Gastroenterol Nutr. Author manuscript; available in PMC 2022 November 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



CONCLUSIONS

In summary, this review shows that ACTG2 pathogenic variants are often associated 

with MMIHS phenotype but a wide phenotypic variation is reported. The course of 

ACTG2-related disorders is marked by significant morbidity and high mortality. Presenting 

symptoms often appear in the first 2 years of life but can also appear at an older age. Genetic 

testing including ACTG2 mutations should be a routine diagnostic method in pediatric or 

adult-onset intestinal pseudo-obstruction, and also considered in milder phenotypes, such as 

refractory constipation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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What Is Known

• Genetic defects in ACTG2 cause visceral myopathy.

• ACTG2 variants are rare and associated with intestinal dysmotility or chronic 

intestinal pseudo-obstruction.

• Case reports and case series suggest autosomal dominant inheritance.

What is New

• ACTG2-related disorders have marked phenotypic variation, variable age of 

onset, and high morbidity and mortality.

• Poor outcome is associated with a female gender and an early disease onset.

• Genetic testing is a helpful diagnostic method in dysmotility disorders and 

should include the ACTG2 gene.
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FIGURE 1. 
Schematic representation of human gamma enteric smooth muscle actin, a protein encoded 

by 8 coding exons of the ACTG2 gene. The solved protein structure of ACTG2 folds into 

4 distinct subdomains (SD1, SD2, SD3, and SD4). The positions of heterozygous dominant 

mutations known to cause chronic intestinal pseudo-obstruction are shown using the NCBI 

Ref Seq ID NP_001606.1 amino acid numbering. A novel Proline to Leucine variant at 

amino acid position 323 within subdomain3 first reported in this article is highlighted in red.
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FIGURE 2. 
Manifestations of ACTG2-related disorders and possible treatments. The frequency of 

reported clinical characteristics and interventions found in the systematic review is reported 

in brackets.
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