Carnitine Palmitoyltransferase II Deficiency Due to a Novel Gene
Variant in a Patient With Rhabdomyolysis and ARF
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e Adult patients deficient in carnitine palmitoyltransferase Il (CPT Il) cannot generate sufficient amounts of energy,
which results in rhabdomyolysis and acute renal failure (ARF). Its genetic basis has been recognized; but
histopathologic changes, especially electron microscopic changes, have scarcely been described. The study
subject is a patient with ARF caused by repetitive nontraumatic rhabdomyolysis. The acylcarnitine profile of serum
and enzyme assay on skin fibroblasts confirmed the diagnosis of CPT Il deficiency. Renal biopsy specimens were
examined microscopically and immunohistochemically. The histological diagnosis was interstitial nephritis with
acute tubular necrosis caused by rhabdomyolysis. Myoglobin in tubules was detected by means of immunohisto-
chemistry and electron microscopy. The genetic structure of CPT Il was analyzed in the patient and his family. Eight
pairs of polymerase chain reaction (PCR) primers were designed to cover the coding region. Each PCR-amplified
gene product was subjected to DNA sequencing, which unveiled heterozygosity at the CPT Il locus consisting of a
deletion of cytosine and thymine at codon 408, resulting in a stop signal at 420, as well as a mutation of arginine to
cysteine at codon 631. The frame shift at 408 has never been described before. DNA sequencing of the family
showed the deletion mutation from the mother and the point mutation from the father. We describe renopathological
findings in a patient with CPT Il deficiency associated with rhabdomyolysis, which suggested the pathological role
of myoglobin casts in the development of tubular necrosis. Genetic analysis of the patient identified a novel variant

of the CPT Il gene. Am J Kidney Dis 45:596-602.
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ARNITINE palmitoyltransferase II (CPT
I) is one of the key mitochondrial en-
zymes involved in [-oxidation of long-chain
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fatty acids. 3-oxidation is activated when there is
an immediate requirement for high levels of
energy, for example, in exhausting sports, mili-
tary exercises, and severe infection. Adult pa-
tients deficient in this enzyme cannot supply
adequate amounts of energy, which results in
acute rhabdomyolysis and, if not appropriately
managed, acute renal failure (ARF).'” There is
sufficient evidence for a genetic basis of this
disorder; however, the associated histopatho-
logic findings, especially electron microscopic
findings, have rarely been described. We report a
case of ARF caused by repetitive and nontrau-
matic rhabdomyolysis resulting from CPT II
deficiency. Renal biopsy specimens were exam-
ined by means of light microscopy, electron
microscopy, and immunohistochemistry. Genetic
structure and familial segregation also were deter-
mined.

CASE REPORT

A 24-year-old Japanese man was transferred to the emer-
gency department of Fukuoka University Hospital and Clinic
(Fukuoka, Japan) because of ARF. Three years before presen-
tation, he developed an illness characterized by high fever,
myalgia, respiratory symptoms, and dark-colored urine. Af-
ter hospitalization, he was found to have markedly elevated
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Table 1. CPT I and Il Activity in Cultured Skin Fibroblasts
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CPT I Activity
Without Malonyl With Malonyl CPTII
Coenzyme A Coenzyme A Activity
Present case 0.90 0.20 0.02
CPT I deficiency 0.01 0.08 0.80
Healthy controls (n = 10)* 1.38 = 0.54 0.30 = 0.11 0.97 = 0.25

NOTE. CPT activity expressed as nanomoles of palmitoyl-L-(methyl-'*C) carnitine per minute per milligrams of protein.
CPT I activity is expressed as the difference in CPT | activity in the presence and absence of 50 umol/L of malonyl-coenzyme
A, which is a specific inhibitor of CPT |. CPT | and Il activity was measured in cultured skin fibroblasts as described by
Demaugre et al.® Briefly, activities were assayed in supernatant of fibroblast homogenates as palmitoyl-L-(methyl-'4C)
carnitine formed from L-(methyl-'4C) carnitine and palmitoyl coenzyme A. Palmitoyl-L-(methyl-'4C) carnitine was extracted

with isopropanol and measured for CPT | activity.
*Data expressed as mean *+ SD.

levels of serum muscle enzymes and urine myoglobin, and a
diagnosis of rhabdomyolysis, probably caused by a viral
infection or drugs prescribed for a common cold, was made.
He was treated by means of assisted ventilation through
endotracheal intubation, hydration, and medical diuresis and
discharged 2 weeks later without complications. During that
admission, renal dysfunction was not recognized.

In the current illness, the patient reported high fever,
general malaise, myalgia, flulike symptoms, dyspnea, and
dark-colored urine. He was seen by the family physician and
referred to a consultant at a local medical center, where he
was found to have rhabdomyolysis and ARF, and he was
transferred to our unit. He was born to a nonconsanguinous
couple. He smoked 40 cigarettes per day and was an occa-
sional drinker. Physical examination on admission was not
remarkable, with alert consciousness, normal neurological
signs and reflexes, and arterial blood pressure of 150/96 mm
Hg. Initial laboratory investigations showed positive test
results for inflammation (circulating leukocytes, 17.4 X
103/ML [X 10°/L]; C-reactive protein, 21.5 mg/dL), high
serum levels of myogenic enzymes (aspartate aminotransfer-
ase, 1,645 IU/L; alanine aminotransferase, 571 IU/L; lactic
dehydrogenase, 4,340 IU/L; creatine kinase, 127,600 IU/L;
aldolase, 132.8 U/L [normal, 0.5 to 3.1 U/L]; and myoglo-
bin, 63,000 ng/mL [normal, <60]), and evidence of renal
damage (proteinuria, 2* by means of test strips; myoglobin-
uria with myoglobin of 370,000 ng/mL; blood urea nitrogen,
27 mg/dL [9.6 mmol/L]; serum creatinine, 3.1 mg/dL [274
umol/L]; B,-microglobulin, 21.5 mg/L [normal, 0.8 to 1.8
mg/L]; and 24-hour creatinine clearance, 15 mL/min [0.25
mL/s]). Urine sediments showed 1 to 4 red blood cells and
10 to 20 white blood cells per high-power field, as well as a
few granular and epithelial casts per low-power field. Sero-
logical test results for toxoplasma, mycoplasma, and anti-
nuclear autoantibodies were negative. Lymphocyte stimula-
tion tests for drugs administered for the flulike symptoms
were negative. Diagnoses of rhabdomyolysis and ARF were
made. The patient recovered successfully from ARF with
hydration and diuresis and continuous hemofiltration and
hemodialysis for 4 consecutive days, with resultant normal-
ization of 24-hour urine volumes.

The repetitive rhabdomyolysis and complete recovery
from ARF prompted us to investigate genetic and metabolic
disorders in this patient after obtaining a signed consent
form. Skin fibroblasts were surgically harvested from the
forearm, cultured, and used for additional metabolic and
genetic analyses. The acylcarnitine profile in a serum sample
obtained during the acute phase by using tandem mass
spectrometry showed markedly elevated levels of long-
chain acylcarnitines, suggesting the diagnosis of CPT II
deficiency (data not shown).* Enzyme assay using cultured
skin fibroblasts showed low enzymatic activity and con-
firmed the diagnosis of CPT II deficiency® (Table 1).

Immunohistochemical and Electron Microscopy

One month after the onset, serum creatinine and 24-hour
creatinine clearance values were 1.4 mg/dL (124 wmol/L)
and 27 mL/min (0.45 mL/s), respectively. Urinalysis still
showed 17 proteinuria with a few granular and epithelial
casts. To determine the significance and extent of renal
involvement, rather than its existence, a renal biopsy was
performed. The obtained tissue sample was examined by
means of light microscopy, immunohistochemistry, and elec-
tron microscopy, using methods described previously.® For
light microscopy, paraffin-embedded sections were stained
with hematoxylin-eosin, periodic acid—Schiff, periodic acid—
methenamine silver, and Masson trichrome. For immunohis-
tochemistry, sections were stained with polyclonal antisera
to human immunoglobulin G (IgG), IgA, IgM, complements
1q and 3, and fibrinogen. Immunoperoxidase staining also
was performed using rabbit antthuman myoglobin antibody
(Dako, Glostrup, Denmark).

Light microscopic examination showed no remarkable
changes in glomeruli; however, patchy and dense cellular
infiltration was identified in the interstitium, together with
acute necrosis of the proximal tubules. Distal tubules con-
tained coarse granular light-brown pigmented casts (Fig 1A)
and other protein-rich casts. Necrosis of tubular epithelia,
disruption of the tubular basement membrane, and inflamma-
tory cells were seen in several distal tubules, especially those
containing pigmented casts. Dense inflammatory infiltrates,
composed mainly of lymphocytes, histiocytes, neutrophils,
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Fig 1. Microscopic examination. (A) Note severe inflammatory cell infiltration around tubular myoglobin casts
and damaged tubules. (Hematoxylin and eosin stain; original magnification x100.) (B) The other distal tubule
containing a similar cast shows necrosis of epithelial cells (arrow) with infiltration of inflammatory cells. (Hematoxy-
lin and eosin stain; original magnification x400.) Myoglobin (brown) can be identified on (C) pigmented casts, (D)
tubular epithelial cells (arrowhead), and (D) macrophages (arrow) by means of immunohistochemical study.
Electron microscopy shows (E) numerous osmiophilic casts (original magnification x2,900) composed of an
electron-dense core surrounded by an electron-lucent rim, as seen (F) under higher magnification. (Original
magnification x10,000.)
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Table 2. Primers Used for PCR Amplification and Direct DNA Sequencing
PCR Exon Sequence Fragment Length (bp) Reference
1 1 Sense 5'-CGGCCTTGTGTTTAGACTCC-3’ 360 This report
Antisense 5'-CTTCCAGATTAGGGGCTGTG-3’ This report
2 2 Sense 5'-GCCTTACACTGACCCTGCTT-3’ 290 This report
Antisense 5'-AGGTTCTGGGTTCCTGGAGA-3' 19
3 3 Sense 5'-TTCCAGGTTTTAGGGCTATG-3' 360 19
Antisense 5'-GGAGGATGAGACGTTACTTC-3’ 19
4 4 Sense 5'-TAGGGACAGCATTAACATTT-3’ 430 19
Antisense 5'-TGGCCTTGTCATCAGTGAAG-3’ 19
5 4 Sense 5'-GTCCCAGTATTTTCGGCTTT-3' 380 19
Antisense 5'-TGTGGGACAAGTGGACAAGG-3’ 19
6 4 Sense 5'-GAGTTTCCCCTGGCATACCT-3’ 510 This report
Antisense 5'-GCCTCCTCTCTGAAACTGGA-3’ This report
7 4 Sense 5'-ACAGCTGCTAAGGAAAAGTT-3’ 410 19
Antisense 5'-CAAGACCCAAGGGCATGCTC-3' 19
8 5 Sense 5'-CTGAGACGCTGGTTTTCCA-3’ 404 19
Antisense 5'-GGTAGCTTTTCATCTGCCCA-3’ 19

NOTE. PCR primers also were used as sequencing primers.

and plasma cells, were noted around the affected tubules
(Fig 1B).

Immunofluorescent study showed no glomerular staining
for IgG, IgA, IgM, C3, Clq, or fibrinogen (data not shown).
Immunoperoxidase staining using rabbit antihuman myoglo-
bin antibody showed strong positivity for brown-colored
pigmented casts (Fig 1C), tubular epithelial cells (arrow-
head), and inflammatory cells (arrow; Fig 1D). Electron
microscopy showed numerous osmiophilic granular casts in
the distal tubules (Fig 1E). At greater magnification (Fig 1F),
casts were composed of a dense core surrounded by an
electron-lucent rim, indicating they were myoglobin casts.
The diagnosis based on biopsy examination was interstitial
nephritis with acute tubular necrosis caused by rhabdomyol-
ysis.

Genetic Structure of CPT Il From the Patient
and His Family

Written informed consents for genetic investigation were
obtained from the patient and family members. Direct DNA
sequencing of polymerase chain reaction (PCR)-amplified
gene products was performed to determine the CPT II gene
of the patient.”® A new approach was used. Eight pairs of
PCR primers were designed by overlapping to cover the
complete stretch of the coding sequence (Table 2; GenBank
accession no. M58581). Genomic DNA was extracted from
cultured fibroblasts using a standard method.” The PCR
protocol was as follows: 30 cycles of 1 minute at 94°C for
denaturation, 1 minute at 60°C for annealing, and 1 minute
at 72°C for extension and 1 cycle of 10 minutes at 60°C for
completion. Each PCR-amplified gene product was then
subjected to DNA sequencing on an automated DNA se-
quencer (ABI 3100 Genetic Analyzer; Applied Biosystems-
Hitachi, Tokyo, Japan) using the PCR primer as the sequenc-
ing primer and the BigDye Terminator v3.1 cycle-sequencing
kit (Applied Biosystems, Foster City, CA). Sequences from
the 5" end were confirmed by those from the 3" end.

The 8 DNA sequences obtained from 8 PCR products
were assembled (data not shown), and the resulting coding
sequence was analyzed. Sequencing from the 5’ end and that
from the 3’ end showed a deletion of CT from TCT at codon
Y408 (1223delCT), resulting in a stop signal at codon 420
(Fig 2), and a sense mutation of arginine to cysteine at codon
631 (1891C—T; R631C). Because our sequencing strategy
determines 2 haploids at once, a family study was deemed
necessary to confirm the genotypes. The family study showed
that the frame-shift mutation came from the mother (M) and the
full-length point mutation came from the father (P). The younger
brother (S2) shared the frame shift, but still had an intact
genotype from the father. The youngest brother (S3) shared the
2 genotypes with the patient (Fig 3), but, to date, he has never
reported symptoms suggestive of CPT II deficiency. All family
members shared the same single-nucleotide polymorphisms at
the 3 reported positions in the CPT II region.

DISCUSSION

Nontraumatic or non—drug-induced rhabdomy-
olysis is seen after exhaustive exercise and after
severe infection, evidenced by dark-colored urine,
recognized as one of the frequent causes of ARF,
and, in rare cases, presents repeatedly and among
family members.””'* Familial rhabdomyolysis of-
ten is attributed to deficiency of enzymes related
to the metabolism of long-chain fatty acids. CPT
II mutation is the most common disorder affect-
ing mitochondrial $-oxidation. Genetic analyses
have been carried out extensively.”**!*2% In
marked contrast to ordinary autosomal recessive
traits, which usually are genotyped by restriction
enzyme fragment length polymorphism, se-
quence-specific oligonucleotide hybridization, se-
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Codon
408
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Thr Thr Asp Tyr Cys His Gly Ala Glu Thr Gln Leu Arg Ala Asp STOP
ACCIACT|GAC|TAC|TGT|CAC|GGT|GCA|GAA|ACT|CAA|CTT|CGA|GCT|GAC|TGA

ACC|ACT|GAC|TCT|ACT|GTC|ACG|GTG|CAG|AAA|CTC|AAC|TTC|GAG|CTG|ACT  wild-type
Thr Thr Asp Ser Thr Val Thr Val Gin Lys Leu Asn Phe Glu Leu Thr allele

quence-specific PCR, and so on, mutations of
CPT 1I deficiency are located along the entire
stretch of the coding region. Gene sequencing is
indispensable for determining the mutation in
affected patients, especially in our case. We used
direct DNA sequencing of PCR-amplified gene
products to avoid the time-consuming cloning
and sequencing. To our knowledge, 41 sites of
mutation in the 5 exons and 2 sites in introns
have been reported.’® Four of the 41 sites were
frame-shift mutations based on nucleotide inser-
tions or deletions. However, the deletion at codon
Y408 (1223delCT), seen in our case, has never
been described before.

The association between types and sites of
mutations and clinical features has been a focus
of interest. Unfortunately, the crystallography of
CPT 1II has not been achieved to date; however,
several functional analyses related to the genetic
variances have been reported. Mutation of serine
at codon 113 to leucine (338C—T; S113L), which
is the most frequent, 60% in European unrelated
alleles,'® was reported to be closely related to
adult-type rhabdomyolysis. The pathological
function of R631C (1891C—T), also detected in
the present family, is still controversial. This
phenotype was recognized as important for the
stability of the enzyme and sometimes assigned
as a “severe” infantile systemic type, but some-
times as a “mild” adult muscular type.'® The
CPT II molecule resides on the mitochondrial

Fig 2. Direct DNA se-
quencing of CPT ll-specific
PCR product. Two nucleo-
tides CT were deleted from
codon 408 (1223delCT;
Y408), resulting in a mixture
of sequences consisting of
the wild-type sequence and
frame-shift sequence. Stop
codon was identified at
codon 420 on the frame-shift
sequence.

inner membrane as a homotetramer®' and an-
chors to the membrane with codon 464 through
496. Because our patient has a shorter peptide,
which lacked the anchor sequence, it is conceiv-
able that enzyme activity was very low.

The genotypes of CPT II of the youngest
brother were identical to those of the patient.
Recently, peroxisome proliferator-activated re-
ceptor a was shown to have important roles in
the regulation of CPT II gene transcription.*
Additional analyses are required.

Intraluminal myoglobin casts are attributed to
myoglobinuric ARF through the induction of
tubular obstruction and luminal urinary stasis,
followed by reduced glomerular infiltration and
increased toxin uptake by proximal tubules.*?
However, direct histological evidence for tubular
damage by myoglobin casts has not yet been
provided. Our immunohistochemical study shows
that myoglobin was evident not only in tubular
casts, but also in tubular epithelial cells and
interstitial phagocytotic cells. The cast-contain-
ing distal tubules showed severe injury with
epithelial cell necrosis, disruption of the base-
ment membrane, and invasion of inflammatory
cells. Dense cellular infiltration in the intersti-
tium was recognized around the affected tubules.
Solez et al** analyzed 57 renal biopsy specimens
from patients with potentially reversible ARF
and emphasized that necrosis of individual tubu-
lar epithelial cells appeared to be a continuing
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Fig 3. Sequence analyses of mutations of exons 4 and 5 in the family. The frame-shift mutation at codon Y408
(1223delCT) arose from the mother (M), and the point mutation R631C (1891C —T), from the father (P).

process in ARF. The histopathologic findings in
our case strongly suggest tubulotoxicity of the
myoglobin casts and resultant ARF. We identi-
fied intraluminal myoglobin casts in the electron
microscopic study, which has rarely been de-
scribed in patients with myoglobinuric ARF. The
major feature of the cast was the electron-lucent
peripheral rim relative to the dense core, similar
to the myoglobin casts described previously by
Nadasdy and Racusen.?

In conclusion, we describe renopathological
findings in a patient with CPT II deficiency
associated with rhabdomyolysis. These findings
emphasize the pathological role of myoglobin
casts in the development of tubular necrosis.
Genetic analysis of the patient and family mem-
bers identified a novel variant of the CPT II
coding gene.
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