
Journal of Neuromuscular Diseases 9 (2022) 73–82
DOI 10.3233/JND-210712
IOS Press

73

Research Report

Intrahepatic Cholestasis Is a Clinically
Significant Feature Associated with Natural
History of X-Linked Myotubular Myopathy
(XLMTM): A Case Series and Biopsy
Report

Cristina Moleraa, Tinatin Sarishvilib, Andrés Nascimentoc, Irakli Rtskhiladzeb,
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de Barcelona, CIBERER, España
dDepartment of Pediatric Hepatology, Hospital Universitario La Paz, Madrid, España
eSección de Gastroenterologı́a, Hepatologı́a y Nutrición Pediátrica. Departamento de Pediatrı́a. Complexo
Hospitalario Universitario de Ourense, España
f Sección de Gastroenterologı́a, Hepatologı́a y Nutrición Pediátrica UGC Pediatrı́a. Hospital Infantil Virgen del
Rocio, Sevilla, España
gSección de Neuropediatrı́a, Hospital Infantil Virgen del Rocı́o, Sevilla, España
hBoston Children’s Hospital, Harvard Medical School, Boston, MA, USA
iAstellas Gene Therapies, San Francisco, CA, USA
jThe Hospital for Sick Children and University of Toronto, Toronto, Canada
kDepartment of Pathology and Laboratory Medicine and Neuroscience Research Center, Medical College of
Wisconsin, Milwaukee, WI, USA

Pre-press 4 August 2021

Abstract. X-linked myotubular myopathy (XLMTM) is a rare, life-threatening congenital myopathy characterized by pro-
found skeletal muscle weakness, respiratory distress, and motor dysfunction. However, pathology is not limited to muscle and
can be associated with life-threatening hepatic peliosis. Hepatobiliary disease has been reported in up to 17% of XLMTM
patients but has not been extensively characterized. We report on five XLMTM patients who experienced intrahepatic
cholestasis in their disease natural history, illustrating the need to further investigate these manifestations. These patients
shared presentations that included pruritus, hypertransaminemia, and hyperbilirubinemia with normal gamma-glutamyl trans-
ferase, following infection or vaccination. Three patients who had genetic testing showed no evidence of genetic mutations
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associated with familial cholestasis. In one patient, progression to cirrhotic, decompensated liver disease occurred. Further
investigations into the molecular pathomechanism underpinning these clinical observations in XLMTM patients will be
important for informing patient care.
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INTRODUCTION

X-linked myotubular myopathy (XLMTM) is a
rare, life-threatening congenital myopathy caused by
mutations in MTM1, leading to absent or insuffi-
cient functional myotubularin [1], a protein required
for normal development, maturation, and mainte-
nance of muscle cells [2]. XLMTM affects 1 in
40,000–50,000 newborn males [3]. While XLMTM
is most notably characterized by profound muscle
weakness, resulting in severe respiratory distress
at birth in approximately 80% of patients [3–6],
myotubularin is ubiquitously expressed and its func-
tions outside of skeletal muscle are unclear.

Hepatic peliosis, a life-threatening vascular lesion
characterized by blood-filled, cystic cavities, has been
the primary liver abnormality reported in XLMTM,
affecting 5–10% of patients [5, 7]. Hepatobiliary
disease has been reported in 7–17% of XLMTM
patients [4, 5, 7, 8] and can manifest as jaundice,
cholelithiasis, pruritus, hepatomegaly, and elevated
transaminases, but has not been fully characterized
or associated with clinically significant morbidity or
mortality in these patients.

In 2020, three study participants with XLMTM
treated with AT132 (Astellas Gene Therapies, for-
merly Audentes Therapeutics), an investigational
AAV8 gene replacement therapy in the ASPIRO clin-
ical study (NCT03199469) died following serious
adverse events related to decompensated liver func-
tion associated with cholestasis. They were among
the heavier participants in the study, receiving among
the highest total doses, and experienced rapidly wors-
ening liver dysfunction within 3-4 weeks following
treatment and ultimately died [9]. Given that these
patients, and more than half of ASPIRO partic-
ipants, had evidence of pre-existing hepatobiliary
disease [9], characterizing disease phenotypes related
to myotubularin deficiency in the liver is a compelling
area of interest.

CASE REPORTS

We present the cases of five patients with genet-
ically confirmed XLMTM who were not treated

with any investigational agent and demonstrated
clinically significant intrahepatic cholestasis with
elevated serum bile acids, significant hyperbiliru-
binemia with normal gamma-glutamyl transferase
(GGT), fluctuating hypertransaminemia, presenting
initially with pruritus and jaundice (Table 1). Muscle
biopsies performed on Patients 1–4 (muscle biopsy
was not performed on Patient 5) were consistent
with XLMTM muscle pathology, including marked
myofiber smallness, organelle accumulation in the
center of fibers, and the presence of centrally nucle-
ated fibers in the absence of inflammation or myofiber
degeneration [10].

Patient 1

Patient 1 had a pathologic MTM1 missense muta-
tion (c.1262G > A, p.R421Q) [11]. He required
nighttime noninvasive ventilation starting at the age
of 10 months due to pulmonary atelectasis. He pre-
sented with neonatal hyperbilirubinemia, treated with
phototherapy for 12 hours daily but not exchange
transfusion, and resolved at day 6. Maximum total
bilirubin was 16 mg/dl (direct, 0.95 mg/dl). ABO/Rh
incompatibility was ruled out. He presented at age
7.5 months with jaundice, intense pruritus, choluria
and transient acholic stools without hepatomegaly or
splenomegaly following a respiratory infection in the
preceding days. Concurrent with onset of cholestasis,
platelets decreased to 96,000–120,000/�L possibly
related to infection as the platelet count increased
after the infection resolved. PCR testing for aden-
ovirus, enterovirus and echovirus and urine culture
were all negative.

At presentation, bilirubin and total serum bile
acids were elevated, with near-normal transam-
inase, and normal GGT and prothrombin time
and international normalized ratio (PT/INR) values.
Abdominal ultrasonography showed normal liver size
and echogenicity, no dilation in the biliary tree,
and gallbladder distension without overt sludge or
cholelithiasis. The hepatic arterial resistance index
was slightly elevated (0.82) without evidence of por-
tal hypertension. Alpha-1-antitrypsin deficiency and
inborn errors of bile acid synthesis were ruled out, but
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Table 1
Summary of clinical presentations

Patient 1 Patient 2 Patient 3 Patient 4 Patient 5

MTM1 mutation c.1262G > A,
p.R421Q

c.1420C > T,
p.R474∗

79 kb deletion
(chrX:149761067-
149840078, exons
3–14)

c.1644 + 1G > A c.1088 1089del
p.K363Sfs∗14

Age at initial
presentation of
cholestasis

7.5 months 8 months 14 months 16 months 5 months

Laboratory values at initial presentation (BL) and/or maximum level (max)
Maximum serum

bile acids
310.6 �mol/L 144.9 �mol/L 345.5 �mol/L 56.7 �mol/L 180.0 �mol/L
30 × ULN 18 × ULN 35 × ULN 6 × ULN 18 × ULN

Total bilirubin BL and max:
5.6 mg/dL

BL: 11.9 mg/dL BL and max:
2.8 mg/dL

BL and max:
4.0 mg/dL

BL: 2.7 mg/dL
Max (1 wk):

12.9 mg/dL
Max (21.5 wks):

15.3 mg/dL

Direct bilirubin BL and max:
4.2 mg/dL

BL and max:
11.2 mg/dL

BL and max:
2.1 mg/dL

BL and max:
3.9 mg/dL

BL: 1.5 mg/dL
Max (61 wks):

9.5 mg/dL

Aspartate
aminotransferase
(AST)

Normal range BL: normal range BL: normal range BL and max:
1.2 × ULN

BL: 2 × ULN
Max (18.4 wks):

28 × ULN
Max (10 wks):

2 × ULN
Max (21.5 wks):

26 × ULN

Alanine
aminotransferase
(ALT)

BL and max:
1.3 × ULN

BL: normal range BL: 2 × ULN BL and max:
1.2 × ULN

BL: 2 × ULN
Max (18.4 wks):

39 × ULN
Max (10 wks):

4 × ULN
Max (21.5 wks):

24 × ULN

Gamma-glutamyl
transferase (GGT)

Normal range BL: 2 × ULN
Max (18.4 wks):

7 × ULN

BL: 1.4 × ULN
Max (0.5 wk):

1.7 × ULN

BL and max:
1.1 × ULN

Normal range

Max (at symptom
resolution):
1.2 × ULN

Alpha-1-antitrypsin Normal range Normal range Normal range Normal range Normal range
Status Resolution of

cholestasis at age
10 months; death,
age 12 months

Resolution of
cholestasis

Resolution of
cholestasis

Resolution of
cholestasis

Liver failure due to
fibrosis

ULN: upper limit of normal; wk: week.

genetic testing for known familial cholestatic disease
was not performed.

The patient responded to treatment with ursodeo-
xycholic acid (UDCA) 17 mg/kg/day, fat-soluble
vitamins, and antihistamines, resulting in symp-
tomatic and laboratory resolution at age 10 months.
He died at age 12 months due to cardiopulmonary
failure.

Patient 2

Patient 2 had a pathogenic MTM1 nonsense mu-
tation (c.1420C > T, p.R474∗) [11]. He required
24-hour mechanical ventilation support and had a
gastrostomy at 3 months old. He did not present with
neonatal hyperbilirubinemia and initially presented
with cholestasis at age 8 months and experienced
recurrence four months later (Fig. 1A). He had a

longstanding history of intense pruritus and pre-
sented initially with jaundice and choluria without
acholic stools, which started days after respiratory
congestion that was treated symptomatically with-
out antibiotics or antipyretics. Bilirubin and total
serum bile acids were elevated (Table 1), with unre-
markable transaminase, GGT, and PT/INR values.
Usual causes of cholestasis were excluded (alpha-
1-antitrypsin deficiency, hepatotropic virus, inborn
metabolic disorders, thyroid dysfunction). There
were no mutations in genes related to familial choles-
tatic disorders (ABCB11, ABCB4, ATP8B1, CLDN1,
DCDC2, MYO5B, NR1H4, TJP2, VPS33B), includ-
ing progressive familial intrahepatic cholestasis
(PFIC).

Abdominal ultrasonography showed moderate
hepatomegaly with normal echogenicity, moderate
dilation of the distal intrahepatic bile duct (1.8 mm),
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Fig. 1. Time course of laboratory findings and clinical events in select patients. Summary of liver function tests and select events in the
clinical courses starting with initial symptomatic presentation (denoted as Week 0) in (A) Patient 2, (B) Patient 3, and (C) Patient 5. Total
and direct bilirubin levels are shown as mg/dl on the left vertical axis. ALT, AST, and GGT levels are shown as multiples of their respective
ULN on the right vertical axis. ALT: alanine aminotransferase; AST: aspartate aminotransferase; GGT: gamma-glutamyl transferase; INR:
international normalized ratio; PT: prothrombin time; UDCA: ursodeoxycholic acid; ULN: upper limit of normal.

normal extrahepatic duct, adenopathy in the hep-
atic hilum, and moderate signs of periportal edema.
Magnetic resonance cholangiogram revealed mod-
erate signs of periportal edema, apparently normal
hepatic parenchyma, distended, empty gallbladder,
and discrete, non-pathologic prominence of the intra-
hepatic bile duct. His symptoms and laboratory
abnormalities improved with cholestyramine 800 mg
every 12 hours, UDCA 18 mg/kg/day, and fat-soluble
vitamins; he was discharged 16 days after initial
ultrasound following symptomatic and laboratory
resolution.

Four months later, he presented with febrile lower
respiratory tract infection and was treated with intra-
venous gentamicin. Laboratory evaluation at admis-
sion showed elevated transaminases (ALT > 30 ×
ULN, AST > 10 × ULN) with normal bilirubin, albu-
min, and PT/INR values. Over the next 30 days,
transaminase levels spontaneously decreased to nor-
mal ranges.

Three months later, he presented with a Pseudo-
monas respiratory infection (treated with cipro-
floxacin and colistin) and elevated transaminases
(ALT > 8 × ULN, AST > 3 × ULN), normal GGT
and bilirubin, and worsened pruritus. Following
treatment with UDCA and cholestyramine, pruritus
subsided and transaminases normalized. The positive
response to UDCA and cholestyramine suggests the
pruritus was likely due to hepatic causes. One month
after presenting with respiratory infection, the patient
remained on cholestyramine 2.4 g/day and was stable.

Patient 3

Patient 3 was a genetically confirmed XLMTM
patient with a pathogenic 79 kb deletion in MTM1,
spanning exons 3–14 [11]. He required 24-hour
mechanical ventilation support and gastrostomy. He
did not present with neonatal hyperbilirubinemia. At
14 months of age, he presented with acute-onset
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scleral icterus, pruritus, choluria, and hypocholic
stools. Two days prior to onset, he experienced
febrile vomiting and acute otitis media, which was
treated with oral amoxicillin. At admission, total
serum bile acids and bilirubin levels were elevated
with clinically unremarkable transaminase and GGT
values (Fig. 1B and Table 1). Four days after initiat-
ing UDCA 10 mg/kg/day, total/direct bilirubin levels
decreased. Viral serology was negative for hepatitis
A (IgM/IgG), hepatitis B surface antigen, hepati-
tis C (IgG), cytomegalovirus (IgG), Epstein-Barr
virus (IgG/IgM), adenovirus, parvovirus B19 and
enterovirus (PCR). Alpha-1-antitrypsin was within
normal range and normal genotype. There were no
mutations in genes related to familial cholestatic dis-
orders including PFIC (ABCB11, ABCB4, ATP8B1,
CLDN1, DCDC2, MYO5B, NR1H4, TJP2, VPS33B).

Abdominal ultrasonography with elastography
showed diffuse hyperechogenicity of liver paren-
chyma without hepatomegaly, hypertrophic intrahep-
atic branches of the hepatic artery, mild dilation
of intrahepatic bile duct without dilation of extra-
hepatic duct, and increased stiffness (mean [SD]
14.5 [1.3] KPa; mean healthy value, 2.1 kPa [12]).
Treatment was continued with UDCA 8 mg/kg/day
until laboratory and symptomatic resolution of
cholestasis.

Two months later, he presented again with pruritus
following discontinuation of UDCA and respira-
tory infection treated with oral amoxicillin. Upon
admission, laboratory tests showed mild hyper-
transaminemia and elevated bile acids (33 × ULN)
with normal bilirubin and GGT. UDCA 15 mg/kg/day
was reinitiated with cholestyramine 2 g/day due to
persistent pruritus (cholestyramine later discontinued
due to normochloremic metabolic acidosis).

Ten months later, he presented with severe pru-
ritus following an upper respiratory infection and
hypocholic stools. He was treated with UDCA 15 mg/
kg/day and cholestyramine 175 mg/kg/day (reduced
two weeks later to 80 mg/kg/day due to nor-
mochloremic metabolic acidosis) until laboratory and
symptomatic resolution of cholestasis.

Patient 4

Patient 4 had an MTM1 missense mutation
(c.1644 + 1G > A) and required mechanical ventila-
tion support 20–24 hours daily and gastrostomy.
He did not present with neonatal hyperbilirubine-
mia. He presented at age 16 months with jaundice,
pruritus and choluria, without acholic stools or hep-

atomegaly after pneumococcal (two weeks prior) and
measles, mumps, rubella (four weeks prior) vacci-
nations. Bilirubin and total serum bile acids were
significantly elevated with unremarkable ALT, AST,
and GGT values (Table 1). Alpha-1 antitrypsin was
within normal range and serological testing was neg-
ative for hepatitis A/B/C viruses, cytomegalovirus,
Epstein-Barr virus and HSV-1/2.

Ultrasonography revealed a lesion in the right hep-
atic lobe, which could correspond to a hemangioma
given the patient’s age and sonographic character-
istics, which would not be consistent with peliosis.
Genetic evaluation for familial cholestasis was not
conducted.

The patient was treated with UDCA 15 mg/kg/day
and hydroxyzine 1 mg/kg/day until laboratory and
symptomatic resolution.

Patient 5

Patient 5 had a pathogenic frameshift deletion
in MTM1 (c.1088 1089del, p.K363Sfs∗14) [11]. He
required invasive mechanical ventilation since birth.
He presented with jaundice at 5 months of age but
did not present with neonatal hyperbilirubinemia.
There was no known infectious trigger or his-
tory of medications associated with cholestatic liver
injury.

Total serum bile acids and bilirubin were elevated
while transaminases were modestly elevated (Table 1,
Fig. 1C). Laboratory findings over the following 14
months showed consistently elevated direct bilirubin
and transaminases, hypoalbuminemia, and normal
GGT, alpha-1-antitrypsin and PT/INR (PT/INR data
not available after 12 months of age). Whole exome
sequencing excluded genetic mutations associated
with cholestatic or bile acid synthesis disorders. The
patient remains hospitalized with end-stage liver fail-
ure since the age of 7 months.

Liver biopsy with hematoxylin and eosin (H&E)
staining revealed giant cell hepatitis and cirrho-
sis consistent with severe intrahepatic cholestasis
including canalicular bile plugs, accumulation of bile
material within hepatocytes, portal field fibrosis, and
focal inflammation (Fig. 2A). Cytokeratin 7 staining
showed unremarkable bile ducts without inflamma-
tion. There was no evidence of hepatic peliosis or
other vascular abnormalities. Staining for bile salt
export pump (BSEP) and multi-drug resistant pro-
tein 3 (MDR3) showed loss of canalicular expression
of both (Fig. 2A), likely due to a loss of canalicular
architecture from cirrhosis.
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Fig. 2. (Continued)
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Fig. 2. Liver histopathology in XLMTM. (A) H&E-stained liver tissue from Patient 5 in this series revealed findings consistent with
severe intrahepatic cholestasis including canalicular bile plugs, accumulation of bile material within hepatocytes, giant cell transforma-
tion, portal field fibrosis and focal inflammation. Staining for bile salt export pump (BSEP) and multi-drug resistant protein 3 (MDR3)
showed loss of canalicular expression of both, likely due to a loss of canalicular architecture from cirrhosis. (B) Evaluation of autopsy
livers from XLMTM patients (available through the Congenital Muscle Disease Tissue Repository) illustrates variable histopathology
in the livers of XLMTM patients. Hematoxylin and eosin (H&E) and bile salt export protein (BSEP) staining of samples shows nor-
mal liver histopathology (left column), compared with one patient who showed intracanalicular bile plugs consistent with cholestasis
(right column). (C) H&E-stained slides from an XLMTM patient’s liver at autopsy that displayed acute liver hemorrhage, presum-
ably as a complication of hepatic peliosis. The high-magnification image (right) illustrates appropriate liver structure and no cholestatic
changes in areas that are not involved in the hemorrhage. BSEP and MDR3 stains on this specimen were uninterpretable due to tissue
quality.

Histopathological review of liver tissue from
untreated XLMTM patients

To better establish the histological features of
untreated XLMTM patients’ livers, we evaluated
five autopsy liver samples from XLMTM patients
in the Congenital Muscle Disease Tissue Repository
(CMDTR, a tissue bank comprised of samples from
patients with congenital myopathies), unrelated to
Patients 1–5 described in detail above. These sam-
ples reveal normal liver histology (accounting for
variable autolytic changes) in four patients (Fig. 2B)
and hepatic parenchymal hemorrhage consistent with
peliosis in one patient (Fig. 2C).

In one additional untreated XLMTM patient with
cholestasis, histologic studies showed bile plugs
and increased bile within and outside of hepato-
cytes, providing evidence of mild and potentially
reversible intrahepatic cholestasis without evidence
of more severe or irreversible changes, such as giant
cell transformation, bile ductular proliferation, or
fibrosis (Fig. 2B). This patient’s death was asso-
ciated with intracranial hemorrhage in the context
of vitamin K deficiency likely related to otherwise
subclinical intrahepatic cholestasis that predated his
acute hemorrhage [13]. Immunostaining of liver sam-
ples from five XLMTM non-cholestatic patients,
including one with intraparenchymal liver hemor-
rhage, revealed appropriate canalicular staining of
BSEP and MDR3 (Fig. 2B), mutations of which
are responsible for PFIC types 2 and 3, respec-
tively [14]. The remaining sample could not be
evaluated for BSEP or MDR3 due to poor tissue
quality.

Muscle samples from the CMDTR from XLMTM
patients without cholestasis (Fig. 3A, 3D), with
cholestasis (Fig. 3B, 3E), and with peliosis (Fig. 3C,
3F) all showed characteristic features of XLMTM
muscle pathology, and no additional pathology in
patients with liver dysfunction was observed in the
muscle tissue.

DISCUSSION

Hepatobiliary disease has not been extensively
characterized in XLMTM patients, thus comprehen-
sive laboratory studies typically are not collected,
and histopathology is not routinely performed due
to risk of hemorrhage from peliosis [15]. Among
the five patients in this case series with geneti-
cally confirmed XLMTM who developed significant
cholestasis, two had missense mutations (Patients 1
and 4), two had nonsense mutations (Patients 2 and
5) and one had a large deletion (Patient 3). Gen-
erally, these patients presented at early ages with
signs of cholestasis, including jaundice, pruritus, and
choluria, and cholestatic episodes followed infection
or vaccination in four of the five patients. While
pruritus is a common symptom of cholestasis, this
mechanism is not entirely understood; serum or tis-
sue concentrations of bile salts do not correlate with
the degree of pruritus, though patients with pruri-
tus related to liver disease typically have significant
elevations of serum bile salts [16]. The recently
described untreated XLMTM patient with cholesta-
sis who died following intracranial hemorrhage had
also had an upper respiratory infection shortly prior
to hospitalization [13]. Infections are common in
chronically ventilated XLMTM patients, with 45%
of patients in the RECENSUS study requiring hospi-
talization due to infection [5].

All five patients showed significant serum bile
acid elevation and hyperbilirubinemia with fluctuat-
ing bilirubin levels over time. Variations in hyper-
transaminemia were noted, with some patients
showing moderate elevations and others showing
severe increases with substantial fluctuations (e.g.,
Patient 2). Relatively unremarkable GGT levels were
noted across all patients over time. Patients 1–4
responded well to choleretic treatment with UDCA
and cholestyramine. Recommendations for moni-
toring the liver function of patients with XLMTM
include a hepatic panel— transaminases, GGT, total
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Fig. 3. Muscle histopathology in autopsy tissue from patients with liver disease. Skeletal muscle tissue taken at autopsy from patients in the
Congenital Muscle Disease Tissue Repository who showed variable degrees of liver pathology. H&E staining (A-C) reveals similar pathology
that is characteristic of XLMTM, including myofiber smallness and increased numbers of fibers with internal nucleation, in the absence of
inflammation or active myofiber degeneration. NADH staining (D-F) shows a pattern of organelle mislocalization that is characteristic of
XLMTM in humans, with central aggregation of mitochondria and sarcotubular elements surrounded by an area of absent staining in the
subsarcolemmal region. The muscle pathology findings in these three cases are extremely similar, despite differential levels of liver disease
in these patients. One patient (panels A, D) had no histological evidence of liver disease, one patient (panels B, E) showed intrahepatic
cholestasis at autopsy, and one patient (panels C, F) showed hepatic hemorrhage due to presumed hepatic peliosis.

and direct bilirubin, and serum bile acids—and
abdominal ultrasonography. In the case of intercur-
rent illness and/or presentation with the signs of
cholestasis mentioned above, we recommend repeat-
ing these analyses until resolution.

The disease courses of the five patients described
here are apparently similar to benign recurrent
intrahepatic cholestasis (BRIC), which is associ-
ated with mutations in the ATP8B1 and ABCB11
genes. These genes encode for ATP-binding hep-
atocanalicular transporter proteins involved in bile
formation and export across the canalicular mem-
brane. BRIC is characterized by recurring episodes

of cholestasis with severe acute pruritus usually last-
ing for weeks, normal GGT, which is also observed in
PFIC types 1 and 2 [14], and spontaneous resolution
with a recurrent course that remains asymptomatic
between episodes and typically does not progress
to cirrhosis. However, caution must be used before
concluding that cholestasis of XLMTM is truly
benign, as the short life expectancy of XLMTM [17]
may obfuscate our understanding of the long-term
hepatobiliary natural history. A recent publication
of fatal intracranial hemorrhage in a 6-month-old
boy with XLMTM implicates intrahepatic cholesta-
sis as a key driver of his vitamin K-deficient
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coagulopathy [13]. Within our cohort, Patient 5 has
progressed to decompensated liver failure due to
intrahepatic cholestasis, and with no other appar-
ent genetic or environmental explanation beyond his
underlying XLMTM. Conjugated hyperbilirubine-
mia originating with or without systemic infection
and progression to severe cholestatic liver injury has
been associated with altered expression, localiza-
tion, and function of BSEP, the product of ABCB11
in the canalicular membrane, in PFIC type 2 [18,
19]. Patients 2, 3, and 5 had extensive genetic test-
ing that excluded mutations associated with familial
cholestasis despite having disease courses consistent
with familial cholestasis, indicating that there may be
another pathomechanism involved.

Myotubularin, the lipid phosphatase protein absent
or mutated in XLMTM, primarily dephosphorylates
the cell membrane phospholipid phosphatidylinosi-
tol 3-phosphate (PI3P), which is essential for normal
excitation and contraction in muscle fibers (causing
a myopathic effect when it is absent) [20] and in the
regulation of bile acid transport [21]. Muscle biopsies
conducted in four of the five patients in our cohort
were consistent with XLMTM muscle pathology,
including marked myofiber smallness, central aggre-
gates of organelles, and centrally nucleated fibers in
the absence of inflammation or myofiber degenera-
tion. In addition, muscle tissue collected at autopsy
from three patients in the CMDTR with either nor-
mal liver histology, liver hemorrhage, or intrahepatic
cholestasis were indistinguishable despite their dif-
ferences in liver pathology, suggesting that significant
liver disease in XLMTM does not induce additional
pathological changes in muscle tissue.

In hepatocytes, autophagosome formation and
endosome recycling to the cell surface requires
PI3P hydrolysis by myotubularin phosphatases (e.g.,
MTM1) to enable exocytosis [22]. The accumu-
lation of PI3P may also perturb the activity of
phosphatidylinositol 3-kinase (PI3K) [23], which is
essential for the translocation of BSEP to the canalic-
ular membrane [24]. In Patient 5, urine bile acid
analysis showed increased glycine and taurine con-
jugates of hydroxy- and dihydroxy-oxo-cholenoic
acids, the synthesis of which are regulated by PI3K
pathways in hepatocytes [25]. Thus, insufficient hep-
atocellular myotubularin activity in XLMTM patients
and its associated loss of PI3P homeostasis [2] may
impair bile acid transport across the canalicular mem-
brane [26].

There are currently no approved disease-modify-
ing therapies for XLMTM. Greater understanding

of the mechanism of liver disease in patients with
XLMTM will be important to the development
and study of potential therapies for patients with
XLMTM.
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