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mutations showed a segregation pattern compatible with
a recessive mode of inheritance in all families (Figure S1).
Severe phenotypes associated with genetic null mutations
and intermediate or typical congenital forms with muta-
tions that should results in presence of residual protein,
suggests a phenotype-genotype correlation in individuals
affected with KLHL41 mutations.

KLHL41 belongs to the family of BTB-Kelch domain-
containing proteins.'”~*" Mutations in two other members
of this family, KBTBD13 (MIM 613727), and most recently
KLHL40 (MIM 615430), have been associated with a
clinically distinct form of congenital myopathy exhibiting
nemaline bodies, as well as multiminicores and severe NM,
respectively.'*'* To evaluate the impacts of the KLHL41
mutations on the protein structure, we mapped them
onto the crystal structures of the BTB-BACK domain of
human KLHL11 in complex with human CUL3, a subunit
of E3 ubiquitin ligases, (PDB code 4AP2)*' and the Kelch
domain of rat KLHL41 (PDB code 2ZWQZ),?* analogous to
those domains of human KLHL41. The Cys35 side chain
is involved in a hydrophobic core of the BTB domain,
which makes van der Waals contacts with Phe54 of
Cul3 (Figure 1B). The p.Cys35Arg substitution present
in affected individual 203-1 would likely destabilize the
hydrophobic core and thereby impair the interaction
with Cul3. This was supported by the FoldX result, in
which free energy change upon the p.Cys35Arg substitu-
tion was predicted to be over 4 kcal/mol, which can be
interpreted as considerable destabilization of a protein
structure (Figure 1D; Figure $3).*’ In proband 832-1, a
Leu residue is inserted between the amino acid positions
153 and 154 in the center of a helix, in which several res-
idues are involved in a hydrophobic core of the BACK
domain (Figure 1B). This amino acid insertion is likely to
destabilize the BACK domain fold. In proband D10-236,
the p.Ser413Leu substitution was mapped to a loop region,
which is located near the substrate-binding region of
the Kelch repeat 2 (Figure 1C; Figure S1B). A FoldX
calculation predicted that the p.Ser413Leu substitution
would have minimal effect on stability of the Kelch
domain (Figure 1D). The effect of Glu194 deletion at the
N-terminal end of an o helix can be compensated by
the presence of Glu193 located in the loop (Figure 1B).
Nonetheless, it cannot be excluded that the p.Ser413Leu
and p.Glul94del changes alter the protein solubility
or aggregate tendency and/or impair substrate binding.
The conserved nature of the mutated KLHL41 domains,
as well as the potential role of the mutations in disrupting
those structural domains, supports the likely pathogenicity
of these mutations.

The localization of KLHL41 in skeletal muscles was
investigated by immunofluorescence of mouse FDB
cultured myofibers and human skeletal muscle cryosec-
tions. Immunofluorescence with two different antibodies
against N-terminal (Sigma, AV38732) and C-terminal parts
of human KLHL41 (Abcam, ab66605) was performed, and
z stacks were acquired by confocal microscopy as described

Dislocation of hips and knees,
cleft palate, micrognathia,

Arthrogryposis, macrocephaly,
narrow chest

hypospadias No antigravity

Distal weakness > proximal
movements at birth

distal contractures
V8D, finger contractures,

focal renal echogenicity

dysarthria Scoliosis

Ventilated 24 hr from 5 yrs.
High-arched palate,

Associated Features

Alive at Age/Mobility/

Pregnancy and Delivery Age at Death
16 yrs, uses wheelchair

(ambulant 24-36 mo)

12 yrs, ambulant

5 yrs, ambulant

Died at 3 mo

(active support
Cesarean section - h 3142  discontinued)

Died during

1st day of life

Normal

No data

Normal - h 40
Polyhydramnios, breech
presentation, emergency
Fetal movements weak,
breech presentation

Nationality
Vietnamese
Saudi Arabian

Russian
Chinese
Persian

F

M
M
M
M

Clinical Category
Intermediate

Other forms

(grade of severity: mild)
Typical form

Fetal akinesia

sequence

Severe form Fetal
akinesia sequence

p.Cys35Arg
Heterozygous

p-0? Heterozygous
p-Ser153_Alal54insLeu
Homozygous
p.Glul94del
Heterozygous
p-Ser413Leu
Heterozygous
p.Lys583Thifs*7
Homozygous
p.Asn214Thrfs*14
Homozygous

¢.103T>Cc.(?_-77)_

(*602_7)del
¢.581_583delAAG

¢.459delinsACTC
c.1238C>T
¢.1748_1755del
AAGGAAAT,
c.641delA

Clinical Manifestations in Affected Individuals Harboring KLHL41 Mutations
cDNA Change Amino Acid Change

Tablel.
Proband ID
203-1
832-1
D10-236
D12-203
12DG1177

4 The American Journal of Human Genetics 93, 1-10, December 5, 2013

- 116 -



Please cite this article in press as: Gupta et al., Identification of KLHL41 Mutations Implicates BTB-Kelch-Mediated Ubiquitination as an
Alternate Pathway to..., The American Journal of Human Genetics (2013), http://dx.doi.org/10.1016/j.ajhg.2013.10.020

1 2-03 , 8321 N 10-236

A
(72}
B
£ag
S o o -
(Q\"o&o' X
N ® 2 = v - & @ s 10 N
L L o 00 0O 0 O O O »

KLHLA41
GAPDH

KLHL41

Sarcomeric a-actin GAPDH |

Myosin heavy chain |

¢ 832-1

Control . D12-203 Cntrol
ul 7 ; R o

Figure 2. Muscle Pathology and Expression of KLHL41 Levels and Localization in Muscle of Affected Individuals

(A) Light microscopy of Gomori trichrome stained skeletal muscle from affected individuals with KLHL41 mutations show cytoplasmic
nemaline bodies (top panel). Electron microscopy of affected muscles reveals rods of variable frequency and size and severe myofibrillar
disarray (bottom panels). (Scale bars represent 2 um). Affected individuals’ IDs are indicated at top.

(B) Immunoblotting analysis of KLHL41 levels in affected and unaffected muscles. A decrease in protein levels was observed in individ-
uals with KLHL41 mutations in comparison to normal control muscles. Immunoblotting with sarcomeric actin or Coomassie staining of
myosin heavy chain showed no abnormal accumulation of sarcomeric proteins in affected muscles. Immunostaining for GAPDH was
used for loading controls. Lanes: F:23, 23 week control fetus; F:30, 31 week control fetus; 6-month-old control baby, C1-C5 are normal
age-matched control muscles.

(C) Immunofluorescence for KLHL41 in control and affected individual muscle biopsies showed highly reduced levels of KLHL41 in
longitudinally oriented (left) or transverse sections (right) of skeletal muscles from affected individuals. Scale bars represent 50 pm.
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Figure 3. Characterization and Knockdown of Zebrafish Orthologs of KLHL41

(A) In situ hybridization of the zebrafish Klhl41 genes shows early expression during myogenesis in developing somites (11 hr after
fertilization). Klhl41a is expressed in brain, eyes, and muscle at 1 dpf. Later in development expression is largely restricted to brain
and heart (2 dpf), although low levels of expression in axial slow skeletal myofibers cannot be excluded due to limited sensitivity of
the assay. Klhl41b expression is localized to skeletal muscle and heart at all developmental stages (1-2 dpf).

(B) Knockdown of Klhl41 genes in zebrafish using antisense morpholinos results in myopathic changes. Live microscopy of zebrafish
embryos at 3 dpf reveals leaner and smaller bodies in comparison to wild-type (WT) fish. Under polarized microscopy, zebrafish embryos

(legend continued on next page)
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previously.”* Immunofluorescence with both antibodies
resulted in similar staining patterns; however, due to lower
background staining, the C-terminal antibody was used
for further studies. Costaining with sarcomeric markers
in longitudinal planes showed that KLHL41 staining
predominated over the I-bands of the sarcomere and at
perinuclear regions in human biopsies (Figure 2C) and
murine cultured myofibers (Figure S4). Analysis of trans-
verse sections of myofibers from control human biopsies
revealed KLHL41 staining in a ring pattern around the
myofibrils, generally colocalizing with ryanodine receptors
(RYR1), which are a marker of the sarcoplasmic reticulum
(Figure S5). Together, these observations suggest that
KLHLA41 localizes over (but not within) I bands, likely in
association with the terminal cisternae of the sarcomplas-
mic reticulum (SR) and longitudinal vesicles of the SR
present in the I-band area at the triadic regions (Figure S4).
Colocalization studies with the ER marker protein disulfide
isomerase (PDI) in myofibers and skeletal muscles further
confirmed the localization of KLHL41 in SR-ER membranes
(Figures S4). This overall localization pattern is most
consistent with localization to the endoplasmic reticulum
(ER) around myonuclei and to microdomains of the SR
with ER characteristics.”® Previous studies suggested that
the closely related NM protein, KLHL40, localized at A-
bands,'® but double label immunofluorescence studies of
both longitudinal and transverse sections here reveal that
it appears colocalized with RYR1, around but not within
the myofibrils in cultured myofibers and human skeletal
muscles in a pattern overlapping, but not identical to,
that of KLHL41 (Figures S4 and S5). These associations of
proteins whose defects cause NM with the ER/SR contrasts
with previously known NM proteins, all of which are
sarcomeric thin filament components, with the exception
of KBTBD13 whose localization is not well known.

In mouse tissues, immunoblotting detected KLHL41
in skeletal muscle and diaphragm (Figure 56). In cultured
murine C2C12 cells, KLHL41 levels increased during
differentiation to myotubes (Figure S6). Immunoblotting
of affected skeletal muscle extracts revealed greatly reduced
levels of KLHL41 in individuals with KLHL41 mutations
(Figure 2B) and immunofluorescence microscopy of
affected individuals’ skeletal muscles also showed that
KLHL41 levels were greatly reduced in their myofibers
(Figure 2C).

Cell culture studies have shown that KLHL41 interacts
with nebulin, N-RAP (Nebulin-related anchoring protein),

and actin in skeletal muscle and promotes the assembly
of myofibrils.”® KLHL41 regulates skeletal muscle dif-
ferentiation as overexpression or knockdown inhibited
C2C12 myoblast differentiation.”” Knockdown of KIhi41
in cultured cardiomyocytes resulted in sarcomeric dis-
organization with thickening of Z-lines as seen in NM.?*
However, the exact functions of KLHL41 in disease
pathology are unknown. Recent studies have identified
mutations in two other closely related family members
KBTBD13 and KLHL40 as causes of NM suggesting the
crucial requirement for several Kelch family proteins in
skeletal muscle function.'*'* To investigate the functional
role of KLHL41 in vertebrate skeletal muscle development,
we employed zebrafish as a model system. Zebrafish have
two duplicated orthologs (klhl41a and kIhl41b) that share
~80% similarity with KLHL41. Zebrafish whole-mount
in situ hybridization was performed to study the spatio-
temporal expression of these genes during zebrafish
development as described previously.”® Specifically, RNA
probes specific for each Klhl41 gene were generated
by amplification of the 3’ UTRs from a cDNA library of
2 day postfertilization (dpf) zebrafish embryos, followed
by in vitro transcription to generate digoxigenin-labeled
antisense transcripts (primer sequences are provided in
Table S1). Whole-mount in situ hybridization showed
ubiquitous expression of klhl41a during early development
at 1 dpf, but by 2 dpf, klhi41a transcripts were virtually
undetectable in the major axial skeletal muscles. In
contract, kihl41b expression was predominantly seen in
striated muscles, and strong expression in heart and
skeletal muscles was observed throughout zebrafish devel-
opment to at least 5 dpf (Figure 3A).

The effect of KLHL41 deficiency in zebrafish was studied
by knocking down the Klhl41 genes with antisense
morpholinos. Two independent morpholinos targeting
an exon-intron spice site and translational start site were
designed for both genes (morpholino sequences are
provided in Table S2). As initial experiments with both
morpholinos for each transcript resulted in similar pheno-
types, we performed the remainder of our studies with
the splice-site morpholinos (7 ng). klhi4la morphants
exhibited leaner bodies, smaller eyes, and pericardial
edema as seen in other myopathy models (n = 65-110)
(Figure 3B).**?! Examination of 3 dpf morphants with
polarized light showed reduced birefringence in axial
skeletal muscles suggesting disorganized skeletal muscle
structure (Figure 3B; Figure 57). Knockdown of klhl41b

exhibit a reduction in birefringence in morphant fish, quantified in ImageJ as described (WT controls: 100% =+ 5.9% klhi41a: 23% =
3.0%; klhi41b: 31% = 8.2%; kihi4lab: 16% =+ 4.2%). Double knockdown fish show a more severe skeletal muscle phenotype than

single morphants.

(C) RT-PCR analysis showed knockdown of normal transcripts in the morphant fish.
(D) Immunoblot analysis showed reduction in Klhl41 levels in klhi41a, kihl41b, and klhl4lab fish. Klhi41 antibody recognizes
both klhl41a and klhl41b and therefore show immunoreactibility to the other gene in the single morphants that is highly reduced

in double morphants.

(E) Overexpression of human KLHL41 mRNA restores the skeletal muscle phenotypes of kihi41a/b single and double morphants
suggesting morpholino specificity. The mRNA concentration used to rescue were as follows: klhl41a (50 pg), klhl41b (75 pg), kIhi41a+b

(60 pg of each)
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resulted in reduced birefringence without any other signif-
icant abnormalities (n = 82-132). Targeting both klhl41a
and klhl41b (7 ng each) resulted in curved bodies with a
30% reduction in size along with small eyes and pericardial
edema (n = 89-103), compared to fish injected with con-
trol morpholino (14ng). klhl41a morphant fish die by 3
dpf while klhl41b morphants typically did not survive
past 5 dpf. Knockdown of both genes was lethal by 3 dpf.
Double knockdown fish exhibited severely disorganized
muscle (measured by reduced birefringence) compared to
controls and either of the single knockdowns. RT-PCR
and immunoblotting confirmed the knockdown of
klhl41a and kIhl41b transcripts and a reduction in protein
levels (Figures 3C and 3D). Overexpression of human
KLHL41 mRNA in the double morphants resulted in a
significant increase in the number of surviving fish
with normal birefringence suggesting the specificity of
morpholino injections and demonstrating the ability of

Figure 4. Loss of klhl41 Function in
Zebrafish Recapitulates the Disease Pa-
thology of Human Nemaline Myopathies
(A) Whole-mount staining of 3 dpf zebra-
fish embryos with phalloidin showed
extensive myofibrillar disarray of myo-
fibers in kIhl41 morphant fish (scale bar
represents 2 um). Three dpf embryos
fixed in 4% paraformaldehyde were
incubated with phalloidin (Invitrogen,
A12380, 1:40) overnight at 4°C. Skeletal
muscles of klhl41-deficient embryos were
smaller and exhibited an overall reduction
of myofibrillar organization (inset, high
magnification).

(B) Electron microscopy of klhl41-deficient
skeletal muscle revealed thickened Z-lines
in klhl4la or klhi41b morphants. In
addition, skeletal muscle of double
knockdown fish contained electron dense
bodies, reminiscent of nascent nemaline
rods (arrowhead, nemaline bodies like
structures; arrow, thickened Z-lines) (scale
bar represents 1 pm).

this single evolutionary ortholog
to complement both zebrafish genes
(Figure 3E). Behavioral characteriza-
tion of 3 dpf morphant fish, knocked
down for either or both Klhl41 genes,
using the touch-evoked response assay
showed significantly = diminished
motility in comparison to control
fish (WT fish: 5.74 = 0.98 cm/0.1 s;
kihl41a:1.32 + 0.61 cm/0.1s; klhi41b:
2.00 £ 0.49cm/0.15; kIhi41ab:0.73 +
0.39 cm/0.1s), suggesting a significant
degree of overall muscle weakness
(Movies S1, 82, $3, and 5$4).2 To
visualize abnormalities in sarcomeric
architecture, whole-mount staining
of morphant fish and control zebrafish
embryos was performed with phalloidin to stain the
actin-thin filaments. Although well-organized myofibrillar
striations (i.e., sarcomeres) were observed, the myofibrils
in klhl41 morphants tended to be thinner and were
highly disorganized relative to control fish (Figure 4A).
The myofibrilar disorganization in klhI41 morphants was
also evident by evaluation of ultrathin toluidine blue
sections of control and morphant fish (Figure S7). The
main diagnostic feature of NM is the presence of nemaline
rods with or without Z-line streaming in skeletal muscle.
Ultrastructural examination of zebrafish skeletal muscle
by electron microscopy showed Z-line thickening in
both klhl41a and kIhi41b morphant fish (Figure 4B). Knock-
down of both klhla and klhi41b resulted in the presence
of numerous electron-dense structures, reminiscent of
small or nascent nemaline bodies, in addition to Z-line
thickening (Figure 4B). Given the differences in temporal
expression of klhl41a (early embryogenesis) and kIhl41b
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(maintained later in development), and the high degree of
structural and functional conservation (both are rescued
by the single human transcript), it is likely that increased
severity of klhl41a morphants is due to this being the pre-
dominant embryonic isoform at the early stages targeted
by morpholino injections.

Extensive skeletal muscle disorganization associated
with sarcomeric abnormalities in morphant fish points
toward a function of KLHL41 in skeletal muscle develop-
ment and maintenance. Mutations affecting the closely
related BTB-Kelch family member KLHL40 have recently
also been reported to cause nemaline myopathy.'* While
KLHL40 mutations resulted in a severe clinical presen-
tation in most of the affected individuals, KLHL41 abnor-
malities are associated with a spectrum of phenotypes
from severe with neonatal death, to survival into late
childhood. However, no significant differences were seen
in skeletal muscle pathology. KLHL40 contains a putative
nuclear localization sequence (NLS) and is expressed
throughout muscle differentiation, whereas KLHL41 lacks
NLS and is expressed in late differentiation (Figure $8)."*
KLHL41 and many other BTB domain-containing Kelch
family members are known to interact with Cul3 ubiquitin
ligase to form functional ubiquitination complexes with
proteins targeted for degradation.?’** KLHL41, which
has been shown to interact with nebulin,** is now the
third BTB-Kelch family member to be identified as a cause
of NM when mutated. We hypothesize that improper
surveillance and degradation of aberrant thin-filament
proteins might explain the convergent pathological and
clinical phenotypes associated with mutations of thin
filament and BTB-Kelch family member genes in NM.

Supplemental Data

Supplemental Data include eight figures, two tables, and four
movies and can be found with this article online at http://www.
cell.com/AJHG/home.
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Abstract

We report a 5-year-old boy with X-linked myotubular myopathy complicated by peliosis hepatis. At birth, he was affected with
marked generalized muscle hypotonia and weakness, which required permanent ventilatory support, and was bedridden for life. He
died of acute fatal hepatic hemorrhage after using a mechanical in-exsufflator. Peliosis hepatis, defined as multiple, variable-sized,
cystic blood-filled spaces through the liver parenchyma, was confirmed by autopsy. To avoid fatal hepatic hemorrhage by peliosis
hepatis, routine hepatic function tests and abdominal imaging tests should be performed for patients with X-linked myotubular

myopathy, especially at the time of using artificial respiration.
© 2013 Elsevier B.V. All rights reserved.

Keywords: X-linked myotubular myopathy; Hepatic hemorrhage; Peliosis hepatis; Mechanical in-exsufflator

1. Introduction

X-linked myotubular myopathy (XLMTM) is one of the
most serious types of centronuclear (“myotubular”)
myopathies, which is pathologically characterized by a
high proportion of small myofibers with centrally placed
nuclei [1]. With recent advances in molecular analysis,
centronuclear myopathy has been classified into three
genetic subtypes. XLMTM is a severe form of
centronuclear myopathy presenting with symptoms from
birth, including respiratory failure, ophthalmoplegia, and
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City Hospital, 1-1 Goten-cho, Uwajima, Ehime 798-8510, Japan. Tel.: +81
895 25 1111; fax: +81 895 25 5334.
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0960-8966/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
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muscle weakness [2]. XLMTM is caused by genetic
aberration of the MTMI gene on chromosome Xq28 [3].
MTM]I1 encodes myotubularin, a dual-specificity 3-
phosphoinositide phosphatase, which plays an important
role in the regulation of signaling pathways involved in
muscle growth and differentiation [3].

Although XLMTM is considered to be a fatal disorder
within the first year of life, it has been recently shown
that more than half of XLMTM patients achieve
prolonged survival, and most of the long-term survivors
suffer from several complications in several organ systems
[4]. Among them, peliosis hepatis is a rare condition that
can affect children and cause fatal hepatic hemorrhage. A
few reports have suggested that XLMTM patients might
be at risk for development of peliosis hepatis [4-7]. We
report a S-year-old patient with XLMTM who suffered
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from fatal peliosis hepatis. In addition, the clinical features
and prevention approach of fatal hepatic hemorrhage in
XLMTM are also discussed.

2. Case report

A full-term male was born at 39 weeks of gestational age
by normal spontaneous vaginal delivery and weighed
2728 g. The Apgar score was 5 at 1 min and 7 at 5 min.
There was no abnormal antenatal symptom (e.g.
polyhydramnios, reduced fetal movements, and thinning
of the ribs). And neither family history of genetic
disorders nor medical problem during perinatal period
was observed. At birth, however, marked generalized
muscle hypotonia and weakness, which required
ventilatory support, appeared in the patient. On physical
examination, facial muscle weakness and a high-arched
palate were detected, and extraocular muscle involvement
was not detected. The hypotonia did not improve with
conventional management. The karyotype of peripheral
blood was normal. A muscle biopsy from the biceps
branch was performed under the possible diagnosis of
neuromuscular disease. All muscle fibers were small and
round (Fig. la), and a peripheral halo was observed in
most fibers (Fig. 1b), compatible with the diagnosis of
myotubular myopathy. Type | fiber predominance was
remarkable (90%) (Fig. lc). Genetic analysis of XLMTM

(a) ()

revealed a splice-acceptor-site mutation of MTMI in
intron 6 (c.445-1G>A), resulting in skipping of exon 7 at
the ¢cDNA level (Fig. 1d) [8]. The patient received
respiratory support using non-invasive positive pressure
ventilation, and underwent a tracheotomy at 8 months of
age because of frequent asphyxia caused by aspiration.
At 5Syears old, he was admitted to the Uwajima City
Hospital for treatment of massive pneumonia and
atelectasis in the left lung. Laboratory studies on
admission showed that hemoglobin was 14.6 g/dL, white
blood cell count was 11,400/uL, platelet count was
338,000/ul, aspartate aminotransferase was 69 IU/L,
alkaline phosphatase was 73 IU/L, and C-reactive protein
was 0.46 mg/dL. Bacterial blood and sputum cultures
showed negative results. Fibrinolytic activity test on four
days after admission remained within normal limits
(prothorombin time was 11.9s, fibrin degradation
products was 8.6 pg/ml and D-dimer was 0.8 pg/ml). The
patient gradually improved with a course of antibiotics
(cefotaxime sodium) and lung physical therapy. Nine
days after admission, a mechanically assisted coughing
system was used as a mechanical in-exsufflator (MI-E)
because of difficulty of sputum expectoration. The next
day, he suffered from abrupt tachycardia and cyanosis.
He had a peripheral coldness and his abdomen was
gradually distended, especially the right costal margin,
because of hepatic enlargement. Laboratory studies

(c)

c.445-1G>A
Exon 7

'TBT%L'BC&TT%

Genomic DNA

Fig. 1. Histological findings of muscle biopsy and genetic analysis. (a) Hematoxylin and eosin (H & E) staining shows that all muscle fibers are small and
round. Marked perimysial fibrosis and scattered pyknotic nuclear clumps can be seen. Muscle fibers with central nuclei comprise 40% of the biopsy
specimen. (b) As shown by nicotinamide adenine dinucleotide tetrazolium reductase staining, the intermyofibrillar network is markedly disorganized with
peripheral halo features seen in most fibers. (¢) On ATPase, types 1, 2A—C comprise 90%, 8%, 2%, and 0%, respectively. Type 2 fiber atrophy can be seen.
(d) MTM1I analysis revealed a splice-acceptor-site mutation in intron 6 (c.445-1G>A) at the genomic DNA level and skipping of exon 7 at the cDNA level.
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showed that the hemoglobin level and platelet count were
decreased to 6.4 g/dL. and 82,000/pL, respectively. An
abdominal computed tomography (CT) scan showed
hepatomegaly with a heterogeneous low density area
expanding from the medial segment to the right lobe of
the liver, and the leakage of contrast material into
parenchyma during the arterial phase, suggesting the
diagnosis of liver hemorrhage (Fig. 2a). There was little
intraperitoneal bleeding. With rapid transfusion of red
cells, a hepatic angiogram was performed via the
common hepatic artery. Because active bleeding was
observed within liver parenchyma (Fig. 2b), obstructing

(a)

material (Gelpart® Molecular Devices, Nippon Kayaku
Co. Ltd., Tokyo, Japan) was injected into the anterior
and posterior branches of the hepatic artery to control
active bleeding. Despite these treatments, hemoglobin
levels gradually decreased from 11.1 to 3.8 g/dL 8 h after
the obstruction therapy. The abdomen was further
distended and pitting edema appeared in the lower body.
Repeated abdominal CT showed massive intraperitoneal
bleeding compared with that of the previous day, and a
narrowed inferior vena cava caused by hepatic
enlargement was detected. He died 4 days after the onset
of acute hepatic hemorrhage. The autopsy indicated

(b)

Fig. 2. Radiological and pathological findings of periosis hepatis. (a) Contrast abdominal CT shows hepatomegaly and a heterogeneous low density area
extending from the medial segment to the right lobe of the liver. Contrast dye had leaked into the parenchyma (arrow) during the arterial phase. (b) A
hepatic angiogram shows a number of retained contrast agents and some active bleeding (arrow) within liver parenchyma. (c and d) Autopsy findings show
expansive intraperitoneal bleeding caused by rupture at the right hepatic capsule, and multiple variable-sized cystic blood-filled spaces were found in a
section of the liver. (e) Multiple blood-filled spaces within the liver parenchyma can be seen (H & E). (f) Immunohistochemically, the inner surface of the
blood-filled space is devoid of CD31-positive endothelial lining in contrast to the sinusoidal endothelia.
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