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Table 1 Frequencies of LOH, LOI and MOI in human ovarian cancers.
(A) Ovarian cancer tissues
H19/ IGF2/ KCNQ1/ uT1/ GTL2/ PEG1/ PEG3/ NDN/
R sal Apal Smal R sal T aal AFIl ‘Mnil Mbol
Heterozygosity 585 471 555 16.2 583 500 342 418
(41/70) (33/70) (40/72) (12/74) (42/72) (37/74) (25/73) (31/74)
LOH 438 5.0 50 0.0 71 8.1 40 00
(2/47) (3/33) (2/40) 0/12) (3/42) (3/37) (1/25) (0/31)
LOI 29.2 454 125 16.6 238 459 80 6.4
(12/47) (15/33) (5/40) (2/12) (10/42) (17/37) (2/25) (2/31)
MOI 56.0 333 775 83.3 66.6 459 84.0 935
(23/41) (11/33) (31/40) (10/12) (28/42) (17737) (21/25) (29/31)
ND 9.7 12 5.0 0.0 23 00 40 00
(4/41) (4/33) (2/40) (0/12) (1/42) (0/37) (1/25) (0/31)
(B) Cell lines
Heterozygosity 190 14.2 333 14.39 238 428 238 238
(4/21) (3/21) (7/21) (3721 (5/21) (9/21) (5/21) (5/21)
LOI 0/4 2/3 3/7 1/3 2/5 3/9 0/5 0/5
MOl 4/4 1/3 4/7 2/3 3/5 6/9 5/5 5/5

Percents of LOH (loss of heterozygosity), LOI (loss of imprinting) and MOI (maintenance of methylation) determined using RFLP analysis of 8 imprinted genes in

74 samples of ovarian cancers and 21 cell lines

significantly more hypermethylated than normal ovarian
tissues (normal, 30.7% + 15.1: HOC, 45.9% * 15.5)
(Table 3). The numbers of cancer tissue cases with
hypermethylation above the range of the methylation
rates in the normal ovarian surface epithelium were 17
for HI9, 21 for GTL2, 21 for ZDBF2, and 14 for PEGI
(Table 3). On the other hand, hypomethylation below the
methylation level of normal ovarian tissues was found in
15 cases for GTL2 and 23 for ZDBF2. We did not
observe a significant difference in the DNA methylation

between localized early-stage and advanced-stage tumor
groups (Table 3). This suggested that the DNA methyla-
tion changes we detected occurred as early events of
ovarian cancer.

The association between DNA methylation status and
LOH/LOI in ovarian cancers

To determine whether the DNA methylation status in
these DMRs of the imprinted genes acts as an indicator
for potential LOH and/or LOI, we evaluated the
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Figure 1 Validation of BPL analysis by comparison with COBRA assay. Examination of the imprinted DMRs by bisulphite PCR Luminex (BPL)
and combined bisulphite PCR restriction analysis (COBRA) assay in DNA samples of ovarian cancer cell lines and normal cells. BPL: y-axis, COBRA:
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Table 2 The methylation profiles of 8 imprinted genes by bisulphite PCR Luminex.

Cell Histology GTL2 ZDBF2 PEG1 LIT1 ZAC PEG3 SNRPN
lines BPL COBRA  BPL  COBRA BPL COBRA BPL COBRA BPL COBRA BPL COBRA BPL COBRA BPL COBRA
CpG CpG10 CpG CpG8  CpG  CpG4 CpGl5 CpGi2 CpG CpG16 CpG8 CpG7 CpG20 CpG21 CpGl9 CpG19
(9,16) (4,8) (1,4,5) (5,17,19)
NC1 N 675 346 622 76.8 66.4 46.2 504 385 42.7 274 623 484 78.8 674 653 573
NC2 N 556 427 67.3 82.1 679 725 548 46.2 537 375 65.2 69.3 654 489 785 673
NC3 N 65.8 58.3 81.2 635 76.3 82.1 453 63.9 264 416 50.2 721 65.8 832 56.3 68.2
NC4 N 586 721 764 804 80.2 67.2 375 58.2 35.8 54.7 472 528 459 583 65.2 7459
[o[@] S 10.32 95.4 69.8 532 873 924 83.1 59.2 643 483 89.5 983 744 832 654 584
0C2 M 168 194 614 705 95.7 97.2 488 622 62.1 480 20.1 10.2 92.1 89.5 29.1 497
0C3 S 874 93.2 96.3 934 837 286 98.3 90.4 874 56.9 87.3 96.5 98.5 9.4 284 374
0ocC4 S 428 56.8 97.3 932 993 98.5 09 104 132 17.1 100.9 98.3 48.7 47.2 28.1 24.2
0cs S 834 564 89.2 96.6 953 728 93.2 1024 284 326 100.3 913 988 956 543 604
0oce6 E 789 721 943 821 383 18.3 832 68.5 34.2 56.2 85.3 789 572 97.5 405 531
ocC7 C 04 213 19.8 293 417 55.5 60.5 420 21.2 1.3 34.5 401 90.7 99.0 235 528
OC8 C 0.1 6.9 64 105 917 873 81.8 88.1 35.2 29.1 49.8 532 102.1 957 21.8 332
0Co S 823 54.3 374 65.2 224 428 23.6 185 437 56.8 69.5 749 68.5 90.2 382 56.3
0ocio C 838 678 78.4 65.9 279 323 63.8 587 428 60.2 899 93.7 596 439 389 714
OCH S 924 916 171 250 60 180 432 60.1 182 100 725 58.2 1014 100.0 755 60.5
0oC12 S 54.7 538 237 188 486 743 68.9 584 48.3 936 98.8 67.4 39.8 734 571 51.2
0C13 S 80.3 66.2 423 40.1 86.0 742 934 95.2 105 88 94.4 90.5 102.1 100.0 360 395
oC14 C 98.1 87.7 674 403 99.3 90.2 99.6 95.5 12.3 16 343 412 921 100.0 381 512
oC15 C 452 450 93.0 98.2 99.7 953 92.1 94.8 550 47.5 275 364 86.1 97.2 487 10.1
oc16 S 369 446 906 920 93.0 923 100.7 1000 130 6.2 289 357 93.2 100.0 229 176
ocC17 C 938 89.8 618 68.3 218 222 37.9 425 48.4 31.8 206 31 98.3 95.5 0.0 0.2
ocig C 344 46.0 94.5 98.0 953 98.0 60.1 732 352 294 17.3 350 87.2 100.0 227 1.1
0oc19 C 67 307 47.8 62.1 874 85.3 4.1 10.1 11.2 0.0 100.1 1000 846 92.1 304 314
0C20 M 1.6 426 58.1 60.3 624 55.2 734 814 183 134 49.2 68.2 928 98.5 86.7 448
OoC21 S 8.0 24,5 80.2 87.0 96.6 90.1 77.2 812 45 8.1 100.5 97.5 107.8 982 16.7 16.2
Normal ovarian surface tissues
NT1 (42) 57.5 76.2 434 51.2 37.2 654 514 386 49.1 423 533 412 421 40.2 521 478
NT2 (48) 276 25.0 236 216 46.1 345 209 344 231 122 5.1 323 213 206 221 333
NT3 (40) 615 318 49.9 60.0 504 450 310 428 17.1 109 488 294 210 336 243 348
NT4 (38) 289 250 28.4 29.6 46.1 393 334 47.8 288 17.7 674 46.1 456 338 80.5 290
NT5 (55) 24.2 26.9 27.2 18.5 332 290 30.9 48.1 25.1 17.6 10.7 445 755 40.0 323 313
NT6 (45) 259 221 32.2 205 464 625 60.0 404 24.1 173 25.2 234 44.2 69.0 774 409
NT7 (41) 346 246 38.0 19.9 499 374 27.3 46.2 27.7 245 210 63.1 497 537 256 245

Letters in blue and black boldface represent LOH, LOI and MO, respectively. The Luminex value indicates the average value of DNA methylation
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Table 3 Characterization of methylation profiles of the imprinted genes in DNA of ovarian cancers.
(A) Histology
H19 GTL2 ZDBF2 PEG1 LIT1 ZAC PEG3 SNRPN
Normal n=7) 343+ 118 347 +95 442 + 66 307 £ 151 279 +£126 331+£58 428 £ 185 449 + 253
Cancer (n =74) 417 £ 172 396 + 188 438 + 66 459 £ 155% 279+ 141 411 £ 64 411 141 428 £ 129
Serous (n = 36) 476+ 189 388 + 220 420 £ 185 489 + 147 288198 427 £ 166 409 + 148 393+ 122
Mucinous n=9) 360 £ 150 352 + 192 368 + 140 471 £ 200 347 + 214 422 £59 312+ 112 427 +178
Endometricid (n = 10) 379 + 148 307 + 144** 578 £ 198 455+ 137 228+ 130 375+115 468+ 159 414+ 108
Clear (n=18) 456 +£ 202 540 + 203 397 £208 422 +138 255+ 124 402 £161 457 + 145 478 + 111
(B) Progress (Staging)
Localized (I, ) (n =29 388 £ 149 408 + 204 467 £ 194 478 £ 17 304 +161 410x119 428+ 178 442+ 129
Advanced (lli, IV) (n=45 478+ 196 413+ 222 419+ 192 459+ 137 262+ 100 411 +168 412+128 409+ 126
Q) Age
Under 44 years (n=17) 467 £ 185 353 + 210 420 £ 204 489 + 135 242 £ 117 399+ 123 447+ 143 363 + 107
45-55 years (n = 29) 399 + 147 472 + 230 458 £ 175 469 £ 150 301 £ 148 389+ 155 419+ 158 454 + 11
Over 56 years (n =32 474 £ 212 384 +181 422 =211 451 + 162 282 £ 109 441+ 157 408 +£149 425+ 145

The values in the list are mean + SD (standard deviation). Statistically significant differences between groups are presented as *P < 0.05, and **P < 0.01 by

ANOVA

association between DNA methylation and LOH and/or
LOI in the IGF2/H19 and PEGI imprinted domains
separately.

IGF2, which acts as a dominant oncogene, and H19, a
physically and mechanistically linked gene on human
chromosome 11, are reciprocally imprinted. In the pater-
nal allele, H19 DMR is methylated and silenced, whereas
the reciprocally imprinted gene IGF2 is transcribed. By
contrast, in the maternal unmethylated allele, H19 is
expressed but /GF2 is inactivated because of the binding
of the repressor factor CTCF to the unmethylated H19

DMR, which then prevents the H19/IGF2 common
enhancers from activating the IGF2 promoter [19]. IGF2
was found to have high frequencies of both LOH and
LOI in HOC. H19 was also found to have high frequen-
cies of LOI (29.2%, 12/41). Nine of 14 cases with both
IGF2 and H19 heterozygosity showed LOH or LOI of
both genes and only one case had MOI for one of the
two. Thus relaxation of /IGF2 and H19 imprinting is fre-
quent. In the /IGF2/H19 imprinted region, the samples
with LOH and/or LOI at H19 was more methylated than
those with MOI (Figure 2A, Additional file 3: Table S2).

N

(A) IGF2/H19 (B) PEG1

DNA methylation DNA methylation
(%) (%) *
80 80

*
60 60
40 40
20 20
0 0
Norm LOH/LOI MOl Norm LOH/LOI MOl

Figure 2 The association between hypermethylation and LOH/LOL. (A) IGF2/H19 DMR. The rate of DNA methylation (mean + SD) of cases
with LOH/LOI of either IGF2 or H19 and MOI were compared. For this analysis, one case which H19 was MOI and IGF2 was LOI, was removed.
(B) PEGT DMR. Statistically significant differences between groups are analyzed with ANOVA followed with multiple comparison method (Tukey's
HSD test), presented as the P-value (*P < 0.01). Norm: Normal ovarian tissues.
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Our results for H19 were similar to a previously reported
finding [20]. PEGI was reported to be a TSG and was
also found to have high frequency of LOH/LOI in HOC.
We also found that the samples with LOH/LOI at PEGI
were more methylated than those with MOI with statisti-
cal significance (Figure 2B, Additional file 3: Table 52).

Discussion

Alterations in DNA methylation are the most common
molecular alterations in human malignancies. Detection of
the aberrant DNA methylation associated with cancer-
related genes is a promising approach to improve cancer
prevention, diagnosis and treatment options. Bisulphite
modification is a prerequisite for most popular techniques
aiming at detecting changes in methylation, but has been
limited by throughput capacity. In this study, we used a
high-throughput methylation detection method to analyze
DNA methylation at 8 imprinted DMRSs in epithelial ovar-
ian cancer. We found that the PCR-Luminex method pre-
cisely quantified the methylation status of specific DNA
regions in somatic cells and was also relatively rapid, eco-
nomical and easy to use.

In the epithelial ovarian cancers, the frequency of LOI
was higher than that of LOH. In particular, LOI was most
frequent at PEG1, IGF2 and HI19 DMRs. The frequency,
extent of changes in DNA methylation and loci affected
varied considerably among the samples. Generally, we
found that DNA methylation at imprinted DMRs was
increased in both cell lines and primary material. Impor-
tantly, we showed that gain of DNA methylation in the
imprinted DMRs was apparent in tumors with LOL, espe-
cially at PEG1 and H19. We also found DNA methylation
changes in the absence of LOL In other words, there were
changes in DNA methylation at DMRs that were not asso-
ciated with biallelic gene expression.

When we examined the clinical characteristics of the
tumors, we found no significant differences in the fre-
quency of LOI and aberrant DNA methylation between
the localized early-stage and advanced-stage tumor groups.
This suggested that the changes we identified occurred as
a relatively early event of HOC. In general, the PEGI and
H19 DMRs appeared to be particularly prone to errors.
This is similar to the previous findings in human sperm
from subfertile men [21]. In ZDBF2 and GTL2 DMRs,
aberrant DNA methylation occurred in HOC. As with
H1I19, these DMRs are paternally methylated DMRs in
somatic cells. In childhood cancers such as retinoblastoma,
Wilms’ tumor and osteosarcoma, changes primarily occur
on the paternal allele first, followed by a second hit on the
maternal allele [5,6,22]. Similarly, methylation of paternally
imprinted DMR in normal somatic cells might be a first
hit and cause ovarian carcinogenesis. These observations
suggest a role for altered genomic imprinting in the malig-
nant transformation process.
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A previous report had demonstrated the association
between the abnormal genomic imprinting of HI19 and
IGF2 expression [20]. The aberrant hypermethylation in
the CTCF binding site of the H19 gene was seen in the
cases of HOC and correlated with IGF2 LOL Our results
for H19 were similar to those reported findings. The most
frequent methylation error in HOC was seen in the PEG1
DMR. In our previous report, we showed that demethyla-
tion of PEGI was present in growing oocytes from supero-
vulated infertile women [23]. This PEGI DMR may be
especially vulnerable to errors. LOI of PEG1 has subse-
quently also been implicated in the aetiology of lung ade-
nocarcinomas, breast and colon cancer.

HOC is the leading cause of death from gynecologic
malignancies because the majority of cases are not
detected until the disease is well advanced. Our under-
standing of cancer as a clonal genetic disease has led to
the identification of genetic alterations in many cancer
types. However, ovarian cancer remains less well charac-
terized. Only a few TSG genes acting in a recessive man-
ner have been identified as somatically mutated or
methylated in ovarian cancer, including TP53 (48%) [24],
PTEN (21% in the endometrioid subtype) [25], RBI (7-
10%) [26], and CDKN2A (79% in the mucinous subtype)
[27]. Biomarkers provide useful tools in screening for can-
cer and are now emerging as highly informative for moni-
toring disease status [28]. They can improve early
detection and also the quality of life of patients with ovar-
ian cancer. DNA methylation offers an additional tool that
can be used in combination with other markers [29]. In
addition, it has been established that DNA methylation
biomarkers are present in patient serum and other body
fluids [30]. To date, several methylated genes have been
found to be highly prognostic for specific cancers, includ-
ing those of the prostate [31], breast [32] and lung [33].
Although some methylated markers such as RASSF1A and
GSTP1 have potential as prognostic indicators individually
[34,35], ‘methylation signature’ panels could be much
more informative [36] and accurate for monitoring cancer
progression. Methylation patterns have previously been
suggested to be tumor and stage specific [37]. Our work
demonstrates that there is aberrant DNA methylation at
several imprinted DMRs in HOC with changes at PEGI
and H19 being the most frequent and earliest alterations
detected.

Conclusion

This is the first study reporting the use of PCR-Luminex
for identification of prognostic panels of DNA methylation
biomarkers for cancer. We believe that this approach is
amenable to the classification of clinically relevant methy-
lation patterns in a wide variety of tumors (and other
pathologies) linked to the aberrant DNA methylation of
imprinted DMRs. This BPL method may be sufficiently

— 124 —



Hiura et al. BMC Medical Genomics 2012, 5:8
http://www.biomedcentral.com/1755-8794/5/8

sensitive that it can be applied to the analysis of DNA
methylation in the very small number of circulating cancer
cells found in blood and urine samples from patients.

Methods

Ovarian cancer cell lines and primary culture of surface
epithelial cells

Twenty-one HOC cell lines were used in our study: 10
from serous adenocarcinoma (OVCAR3, CAOV3, JHOS2,
HTOA, SKOV3, OV90, JHOS3, JHOS4, KF, MH), 2 from
mucinous adenocarcinoma (OMC3, MCAS), 8 from clear
cell adenocarcinoma (ES2, JHOC5, TOV21G, JHOC7,
JHOCS, KM, HAC2, RMG) and 1 from endometrioid ade-
nocarcinoma (TOV112D). The sources of these cells and
culture methods were as described previously [38,39].
Four primary cultures of normal human ovarian surface
epithelial (OSE1-4) cells were initiated from surface scrap-
ings of normal ovaries as described [40].

Ovarian cancer tissue(s)

Seventy-four primary HOC tissues (36 serous, 9 mucinous,
10 endometrioid, 18 clear cell, and 1 other, Table 3) were
obtained from patients presenting at our hospital. The
mean + standard deviation (SD) of the patients’ ages for
normal ovary and ovarian cancer tissues were 44.1 + 6.6
and 52.9 + 7.3, respectively. Seven specimens of normal
ovarian surface epithelium were obtained from patients
with benign non-ovarian disease. Histological diagnoses
and clinical staging were performed according to the
International Federation of Gynecologists and Obstetri-
cians (FIGO) criteria. The numbers of cancer patients
with localized tumors (stage I and II) and advanced tumor
(stages III and IV) were 29 and 45, respectively. The sam-
ples were stained with hematoxylin and eosin to demon-
strate > 85% of epithelial tumor cells. DNA and RNA were
then extracted from the remaining samples [38]. DNA was
also extracted from peripheral blood in matched patients.
The study was performed after obtaining the patients’
informed consent and with approval from the institutional
ethics committee of the Tohoku University Graduate
School of Medicine.

Analysis of loss of heterozygosity (LOH) and loss of
imprinting (LOI)

PCR was performed on patient blood and tumor genomic
DNA using the primer sequences summarized in Addi-
tional file 4: Table S3. A PCR reaction mix containing
0.5 puM of each primer set, 200 pM dNTPs, 1 x PCR buf-
fer, and 1.25U of EX Tag Hot Start DNA Polymerase
(Takara Bio, Tokyo, Japan) in a total volume of 20 pl was
used. The following PCR program was used: 1 minute of
denaturation at 94°C followed by 35 cycles of 30 seconds
at 94°C, 30 seconds at 60°C and 30 seconds at 72°C and a
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final extension for 5 minutes at 72°C. PCR products were
digested by unique polymorphic enzymes to identify sam-
ples that were heterozygous for a single nucleotide poly-
morphism (SNP). For samples found to be heterozygous
for a SNP, RNA was prepared from matched tumors, fol-
lowed by reverse transcription-PCR (RT-PCR) and by
restriction digestion [41-48]. The digested PCR products
were electrophoresed on 2% agarose gel.

DNA methylation analysis

Bisulphite PCR-Luminex (BPL) methylation analysis was
performed as described [18]. PCR primers sets, biotiny-
lated at their 5’-end, were designed for gene amplification.
PCR reaction mix contained 0.2 pM primer, 0.2 mM
dNTPs, 1 x PCR buffer (50 mM KCl, 10 mM Tris-HCI,
pH 8.3). 3 mM MgCl,, 2% dimethyl sulfoxide (DMSO),
0.625U Taq DNA Polymerase (Roche, Tokyo, Japan) and
100-200 ng of bisulphite treated DNA in a total volume of
25 pl. PCR conditions: 40 cycles of 95°C for 20 s/60°C for
30 s/72°C for 30 s using a GeneAmp 9700 thermal cycler
(Applied Biosystems, CA, USA). Oligonucleotide probe
sequences (Additional file 2: Table S1 in Ref 18) were
synthesized and covalently bound to carboxylated fluores-
cent microbeads using ethylene dichloride (EDC). These
oligonucleotide-labeled microbeads (oligobeads) were
mixed together to make an oligobeads mixture of 100 oli-
gobeads/ul and hybridized to the 5'-biotin-labeled PCR
amplicons in a total volume of 50 pl per well in a 96-well
plate by adding 5 pl of the appropriate oligobead mixture
and 5 pl of the PCR amplicons to 40 ul of hybridization
buffer. This reaction mixture was first denatured at 95°C
for 2 min and then hybridized at 48°C for 30 min. After
hybridization, the oligobeads were washed in 100 pl of
PBS-Tween and pelleted by microcentrifugation. Pelleted
oligobeads were reacted with a 70 pl aliquot of a 100 x
diluted solution of SA-PE in PBS-Tween. Hybridized
amplicons were labeled with SA-PE at 48°C for 15 min.
Reaction outcomes were measured by the Luminex 100
flow cytometer. Methylation assays were additionally per-
formed for each DMR using the conventional bisulphite
treatment PCR methylation assay and combined bisulphite
PCR restriction analysis (COBRA) as described previously
[21].

Statistical analyses

Differences between groups were analysed by analysis of
variance, followed by Post-hoc, Tukey's HSD test. Statis-
tical analyses were performed using the JMP (v9.0.0,
SAS Institute Japan, Tokyo, Japan). Statistically signifi-
cant differences between groups are presented as *P <
0.05, and **P < 0.01. Results for BPL and COBRA were
compared using Spearman’s rank method and Pearson’s
product-moment correlation coefficients.
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Additional material

.
Additional file 1: Table S1 The list of LOH, LOI and MOI in HOC.
LOH, LOI and MOI determined using RFLP analysis of 8 imprinted genes
are summarized. NG Normal cells (NC1-4). NT: Normal ovarian tissues
(NT1-7). CC: Cancer cell lines (CC1-21). CT: Cancer tissue (CT1-74).

Additional file 2: Figure S1 Validation of BPL analyses by
comparison with COBRA assay. Examination of the imprinted DMRs by
bisulphite PCR Luminex (BPL) and combined bisulphite PCR restriction
analysis (COBRA) assay in DNA samples of ovarian cancer cell lines and
normal cells. BPL: y-axis, COBRA: x-axis. The number was calculated by
Spearman’s rank method. GTL2 (C), ZDBF2 (D), LTt (E), ZAC (F), PEG3 (G)
and SNRPN (H).

Additional file 3: Table S2 Sequences of PCR primers and restriction
enzymes used for PCR-RFLP analysis. ‘

Additional file 4: Table S3 Bisulphite PCR-Luminex and COBRA
methylation profiles of the eight imprinted DMRs in the DNA of
human ovarian cancer cells and normal ovarian tissues. Numbers in
blue and black boldface indicate LOI and MO, respectively. Luminex
values indicate average methylation values at the sites tested. NC:
Normal cells (OSE1, OSE2, OSE3, OSE4). CC: Cancer cell lines (CC1:
OVCAR3, CC2: OMC3, CC3: CAOV3, CC4: JHOS2, CC5: HTOA, CCé:
TOV112D, CC7: ES2, CC8: JHOCS, CCY: SKOV3, CC10: TOV21G, CC11: OV90,
CC12: JHOS3, CC13: JHOS4, CC14: JHOCT, CC15: JHOCS, CC16: KF, CC17:
KM, CC18: HAC, CC19: RMG, CC20: MCAS, CC21: MH. NT: Normal ovarian
tissues (NT1-NT7). N: Normal, S: Serous adenocarcinoma, M: Mucinous
adenocarcinoma, E: Endometrioid carcinoma, C: Clear cell carcinoma.

Abbreviations

BPL: Bisulphite PCR-Luminex; COBRA: Combined bisulphite PCR restriction
analysis; DMR: Differentially methylated region; FIGO: International Federation
of Gynecologists and Obstetricians; HOC: Human ovarian cancer; LOH: Loss
of heterozygosity; LOL: Loss of imprinting; MOI: Maintenance of imprint; ND:
Not determined; PCR: Polymerase chain reaction; QOL: Quality of Life; RFLP:
Restriction fragment length polymorphism; RT-PCR: Reverse transcription-
PCR; SNP: Single nucleotide polymorphism.
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Abstract

We report on a 4-year-old boy who died from influenza encephalopathy. The clinical course and microscopic findings of the
autopsied liver were compatible with Reye’s syndrome. We examined the mitochondrial respiratory chain function by blue native
polyacrylamide gel electrophoresis (BN-PAGE), western blotting, and respiratory chain enzyme activity assays. The activity of liver
respiratory chain complex (CO) I was markedly decreased (7.2% of the respective control activity); whereas, the other respiratory
chain complex activities were substantially normal (CO 11, 57.9%; CO 111, 122.3%; CO IV, 161.0%). The activities of CO I-IV in
fibroblasts were normal (CO I, 82.0%; CO 11, 83.1%; CO III, 72.9%; CO IV, 97.3%). The patient was diagnosed with liver-specific
complex I deficiency. This inborn disorder may have contributed to the fatal outcome. We propose that relying only on fibroblast
respiratory chain complex activities may lead to the misdiagnosis of liver-specific complex 1 deficiency.
© 2011 Published by Elsevier B.V. on behalf of The Japanese Society of Child Neurology.

Keywords: Influenza encephalopathy; Reye’s syndrome; Mitochondria; Complex 1 deficiency; Liver-specific

1. Introduction The possible contribution of the mitochondrial respira-
tory chain disorder to the clinical course is discussed.

Influenza encephalopathy is a critical complication of

influenza infection. Although the pathological mecha-
nism is poorly understood, mitochondrial malfunction
is suggested to play a role in the pathogenesis [1]. We
describe a boy with liver-specific mitochondrial respira-
tory chain complex I deficiency who developed fatal
encephalopathy associated with influenza A infection.

* Corresponding author. Tel.: +81 3 3972 8111x2442; fax: +81 3
3957 6186.
E-mail address: chi-ka@sage.ocn.ne.jp (C. Arakawa).

2. Case report

A 4-year-old Japanese boy developed pyrexia. He was
treated with acetaminophen once and visited the family
doctor. Influenza A infection was diagnosed by nasal
antigen test in a clinic and he was treated with oseltam-
ivir. He was admitted to a nearby hospital due to a gen-
eralized seizure in the evening; then, he was transferred
to our institute because of highly elevated serum trans-
aminase. He was the first child born to healthy parents
with no consanguinity. No other child had died in early

0387-7604/$ - see front matter © 2011 Published by Elsevier B.V. on behalf of The Japanese Society of Child Neurology.
doi: 10.1016/j.braindev.2011.03.002
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infancy within three degrees of relationship. He had nor-
mal psychomotor development and had not been vacci-
nated against influenza.

On arrival, he was comatose and had a temperature
of 38.9 °C, heart rate of 136 beats per minute, and blood
pressure of 106/62 mm Hg. Neither arrhythmia nor car-
diac hypertrophy was seen in the electrocardiogram or
echocardiography. Blood examination showed marked
liver dysfunction and ammonemia (aspartate amino-
transferase, 4282 1U/l; alanine aminotransferase,
1750 1U/1; ammonia, 156 ug/dl). Blood gas analysis
showed marked acidosis (pH 6.964, pCO, 59.6 mm
Hg, HCO; 11.2mol/l, BE —23.7mmol, and lactate
9.0 mmol/1). Blood glucose was 128 mg/dl under intra-
venous infusion. Influenza encephalopathy was diag-
nosed and intensive therapy, including mechanical
ventilation, steroid, and heart stimulants, was started.
A few hours later, he developed cardio-pulmonary arrest
and died 36 h after developing pyrexia. This clinical
course led us to suspect Reye’s syndrome and mitochon-
drial disorders. The parents consented to resection of the
patient’s liver and skin fibroblasts. Urine organic acid
analysis, blood amino acid profile, and carnitine profile
did not show any findings suggestive of congenital
metabolic disorders. Microscopical finding showed
microvesicular fatty droplets in hepatic cytoplasm in
hematoxylin-eosin and oil red O staining (Fig. 1), that
was compatible with Reye’s syndrome. The grade of his-
tological hepatic changes was milder than the fulminant
clinical course.

The activities of respiratory chain complexes (Co) I,
II, III, and IV were assayed in the crude post-600 g
supernatant of the liver and in isolated mitochondria
from skin fibroblasts as described previously [2]. The
activity of each complex was presented as a percent ratio
relative to the mean value obtained from 12 healthy con-
trols. The activities of Co I, I1, III, and IV were also cal-
culated as the percent relative to citrate synthetase (CS),
a mitochondrial enzyme marker, or Co II activity [2].

A. Hematoxylin-Eosin staining ( X 400 )

Liver respiratory chain complex I activities were very
low, but CS, Co 11, 111, and IV activities were normal.
In contrast to the liver, the fibroblast complex [ activity
was normal (Table 1).

The expression of the mitochondrial respiratory
chain Co I, I, III, and IV proteins in the liver and fibro-
blasts were examined by Western blotting using blue
native polyacrylamide gel electrophoresis (BN-PAGE)
according to methods described previously [3]. The
results of BN-PAGE are shown in Fig. 2. The band cor-
responding to Co I was not visible; while, the intensities
of the Co II, III, and IV bands remained normal. Several
base substitutions were detected by polymerase chain
reaction, but there was no pathogenic mutation in the
genomic DNA extracted from the autopsied liver tissue.

3. Discussion

Mitochondrial malfunction has been described in
influenza encephalopathy. There are no reports of mito-
chondrial respiratory chain diseases, although disorders
of fatty acid oxidation have been discussed {1]. Complex
I deficiency was first recognized in 1979 by Morgan-

Table 1 .

Enzyme assay of respiratory chain complexes.

% Col Co 1l Co 111 Co 1V CS
Liver

% of normal 7.2 579 122.3 161.0 78.1
CS ratio 9.2 74.1 155.0 203.8 -
Co 11 ratio 12.3 - 212.2 272.2 -
Fibroblast

% of normal 82.0 83.1 72.9 97.3 120.4
CS ratio 66.2 66.8 56.5 76.3 -
Co Il ratio 98.2 - 83.7 112.5 -

Co 1, complex I; Co 11, complex 1I; Co III, complex IiI; Co 1V,
complex 1V; CS, citrate synthase.

Enzyme activities are expressed as a % of the mean relative activity of
the normal control and relative to CS and Co I1.

~ PO Y
B. Oil Red O staining ( X400 )

Fig. 1. Autopsy liver samples show preserved hepatic architecture with scattered distribution of micro-vesicular fatty droplets in the hepatic
cytoplasm (A). Marked congestion, focal necrosis, and mild inflammatory cellular infiltration without fibrosis were noted. Fat deposition was also
suggested with oil red O staining (B). The grade of histological hepatic changes was milder than the fulminant clinical course.
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N Pt
kDa
669 - «—— Complex I
- Complex I11
440 -
232- +—— Complex IV
134 - «—— Complex 11

Fig. 2. Blue native polyacrylamide gel electrophoresis (BN-PAGE)
analysis of liver respiratory chain enzymes showed markedly decreased
protein expression of complex I, while the protein bands of complex II,
1, and IV were comparable to the control (N) samples.

Hughes; yet, studies have not progressed because of
technical difficulties. More recently, complex I deficiency
was regarded as the most common energy generation
disorder. The manifestations range from typical mito-
chondrial diseases, such as Leigh syndrome, to obscure
conditions such as slow regression or intractable secre-
tory diarrhea [4].

Complex II activity has been shown to be more labile
than complex I when measuring respiratory chain
enzymes in patients with a wide range of metabolic disor-
ders, liver failure, or liver disease [5]. In the present case,
only complex I activity was very low; this indicates pri-
mary complex I deficiency rather than a secondary effect
of influenza A infection. Complex I includes seven mito-
chondrial DNA-encoded subunits and at least 39 nuclear-
encoded subunits. In our case, no mutation was detected
in the mitochondrial DNA (mtDNA). The detection rate
for mutations in mitochondrial or nuclear DNA in com-
plex 1 deficiency is as small as 20% [6,7).

In the present case, complex I was deficient only in
the liver, not in fibroblasts. Mitochondrial respiratory
complex disorders can show clinical and biochemical tis-
sue specificity [2,4,6,8.10]. For this reason, it is difficult
to diagnose by suspension cells or serum enzyme assays.
The possible mechanisms of tissue specificity are tissue-
specific subunits of complex I [9], the ratio between
normal and mutant mtDNA in a specific tissue [7],
and tissue differences in RNA processing [10]. To our
knowledge, very few cases with liver-specific complex I
deficiency have been reported [2,8]. These reported cases
had chronic neurological symptoms such as epilepsy,
hypotonia, or developmental regression, with the excep-
tion of one case that had severe cardiomyopathy in early

infancy [2]. There was one case without evidence of liver
dysfunction [8]. Clinically there was no definite differ-
ence from usual Co I deficiency. One reason for the
small number of cases is that the liver is not the prime
diagnostic tissue. Respiratory chain complex deficiency
is usually confirmed by tissue biopsy. Muscle is usually
the prime diagnostic tissue, and cultured skin fibroblasts
are also often analyzed [10]. False-negative diagnostic
results may occur because the liver is not examined.
This case was determined to be complex I deficiency
by BN-PAGE Western blotting and determination of
enzyme activities. This is the first report of respiratory
chain complex 1 deficiency in influenza encephalopathy.
We suggest there may be many undiagnosed cases of this
metabolic disorder. Here, we described a healthy child,
who had never been suspected of having any disease,
diagnosed with a metabolic disorder after acute enceph-
alopathy with subsequent death. Future studies are
needed to focus on the development of a method to
detect this inborn metabolic disorder before onset.
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Abstract

Objective: Ghrelin requires a fatty acid modification for binding to the GH secretagogue receptor.
Acylation of the Ser3 residue of ghrelin is essential for its biological activities. We hypothesized that
acyl-CoA is the fatty acid substrate for ghrelin acylation. Because serum octanoyl-CoA levels are
altered by fatty acid oxidation disorders, we examined circulating ghrelin levels in affected patients.
Materials and methods: Blood levels of acyl (A) and des-acyl (D) forms of ghrelin and acylcarnitine of
patients with medium-chain acyl-CoA dehydrogenase (MCAD) deficiency and glutaric aciduria type II
(GA2) were measured.

Results: Plasma acyl ghrelin levels and A/D ratios increased in patients with MCAD deficiency or GA2
when compared with normal subjects. Reverse-phase HPLC confirmed that n-octanoylated ghrelin
levels were elevated in these patients.

Conclusion: Changing serum medium-chain acylcarnitine levels may affect circulating acyl ghrelin
levels, suggesting that acyl-CoA is the substrate for ghrelin acylation.

European Journal of Endocrinology 166 235-240

Introduction dehydrogenase (MCAD) deficiency, the most common

inherited defect in FAQ, causes elevated serum octanoyl-

Ghrelin, an endogenous ligand for the GH secretagogue
receptor, is an acylated peptide produced by gastrointes-
tinal endocrine cells (1). Ghrelin is the only peptide known
to require a fatty acid modification. Octanoylation of the
Ser 3 residue is essential for ghrelin-mediated stimulation
of GH secretion and regulation of energy homeostasis via
increased food intake and adiposity (2. 3). Other than
octanoylation (C8:0), the hormone is subject to other
types of acyl modification, decanoylation (C10:0), and
possibly decenoylation (C10:1) (4, 5). Recently, ghrelin O-
acyltransferase (GOAT), which octanoylates ghrelin, was
identified (6. 7). The fatty acid substrate that contributes
to ghrelin acylation, however, has not been clarified,
although the presumed donor is acyl-CoA.
Mitochondrial fatty acid oxidation (FAO) disorders
result from genetic defects in transport proteins or
enzymes involved in fatty acid B-oxidation (8, 9). The
clinical phenotypes have recently been associated with a
growing number of disorders, such as Reye syndrome,
sudden infant death syndrome, cyclic vomiting syndrome,
fulminant liver disease, and maternal complications
during pregnancy (10). Medium-chain acyl-CoA

© 2012 European Society of Endocrinology

carnitine levels (11), reflecting elevated octanoyl-CoA
levels. Glutaric aciduria type II (GA2), which is caused by
defects in electron transfer flavoprotein (ETF), ETF-
ubiquinone oxidoreductase, or other unknown abnorm-
alities in flavin metabolism or transport, is characterized
by elevated serum acylcarnitine levels, including octa-
noylcarnitine (8. 9). In carnitine palmitoyltransferase II
(CPT 1II) deficiency and very long-chain acyl-CoA
dehydrogenase (VLCAD) deficiency, serum octanoyl-CoA
levels do not increase, but at times actually decrease (8. 9).
We hypothesized that octanoyl-CoA is the fatty acid
substrate for ghrelin acylation. To examine this
hypothesis, we measured circulating ghrelin levels in
patients with MCAD deficiency (MCADD) and GA2.

Materials and methods

Subjects

Five female patients with FAO deficiency (two with
MCADD one with GA2, one with CPT II deficiency (12),

DOI: 10.1530/EJE-11-0785
Online version via www.eje-online.org
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and one with VLCAD deficiency) were recruited for this
study. The study protocol was approved by the ethics
committee on human research at the Kyoto University
Graduate School of Medicine. Written informed consent
was obtained prior to enrollment.

Measurement of plasma ghrelin
concentrations

Because FAQO patients tend to develop hypoglycemia by
fasting, it was difficult to do overnight fasting. There-
fore, blood samples for ghrelin analyses were drawn
from a forearm vein in the morning after fasting as long
as possible. Plasma samples were prepared as described
previously (13). Blood samples were immediately
transferred to chilled polypropylene tubes containing
Na,EDTA (1 mg/ml) and aprotinin (Ohkura Pharma-
ceutical, Kyoto, Japan: 1000 kallikrein inactivator
units/ml=23.6 nmol/ml (23.6 pM)) and centrifuged
at 4 °C. One-tenth volume of 1 M HCl was immediately
added to the separated plasma. The acylated and
desacylated forms of ghrelin were measured using a
fluorescence enzyme immunoassay (FEIA; Tosoh Corp.
Tokyo, Japan). The minimal detection limits for acyl and
des-acyl ghrelin in this assay system were 2.5 and
10 fmol/ml respectively. The interassay coefficients of
variation were 2.9 and 3.1% for acyl and des-acyl
ghrelins respectively.

Reverse-phase HPLC

Reverse-phase HPLC (RP-HPLC) was performed as
described previously (4, 5. 14). Briefly, plasma diluted
50% with 0.9% saline was applied to a Sep-Pak C18
cartridge pre-equilibrated with 0.9% saline. The
cartridge was washed with saline and 10% acetonitrile
(CH3CN) solution containing 0.1% trifluoroacetic acid
(TFA). Adsorbed peptides were eluted with 60% CH;CN
solution containing 0.1% TFA. The eluate was eva-
porated and separated by RP-HPLC. All HPLC fractions
were quantified using RIAs for ghrelin (4. 14. 15, 16).
RIAs for a ghrelin C-terminal region (C-RIA) and a
ghrelin N-terminal region (N-RIA) measure des-acyl
ghrelin and octanoyl-ghrelin respectively (13). ARIA for
N-terminal ghrelin showed ~20-25% cross-reactivity
values for the n-decanoylated and n-decenoylated
forms (16). Authentic human ghrelin-(1-28) was
chromatographed with the same HPLC system.

Tandem mass spectrometry

Acylcarnitines in sera and dried blood spots were
measured according to previously reported methods
(17, 18), without derivatization. Briefly, 3 ul serum and
110 ul methanol solutions (99%) with deuterium-
labeled acylcarnitines as internal standards were
mixed and centrifuged, and 5 ul of the supernatant

www.eje-online.org
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was introduced into liquid chromatography flow of
methanol/acetonitrile/water (4:4:2) with 0.05% formic
acid using a SIL-20AC autoinjector (Shimadzu, Kyoto,
Japan). Flow injection and electrospray ionization
tandem mass spectrometric (MS/MS) analyses were
performed using an API 4000 LC/MS/MS system (AB
Sciex, Tokyo, Japan). Positive ion MS/MS analysis was
performed in precursor ion scan mode with an m/z
value of 85 for the product ion. Data were recorded for
0.7 min after every sample injection and the recorded
intensities of the designated ions were averaged using
Chemoview Software (Foster City, CA, USA). All samples
were measured serially within 1 day.

Results

We measured plasma ghrelin concentrations in patients
with MCADD and GA2 (Table 1) and also in patients
with CPT II and VLCAD deficiency. Elevated C8-
acylcarnitine serum levels were observed in MCADD
and GA II, whereas they were unchanged or lower
in CPT II or VLCAD deficiency (Table 1). Levels of acyl
ghrelin but not des-acyl ghrelin appeared to be
elevated in patients with MCADD or GA2 in com-
parison with those in patients with CPT II or VLCAD
deficiency, or those in female normal subjects from a
previous study.

We then performed RP-HPLC analysis of ghrelin
using plasma from patient 1 with MCADD. It demon-
strated an eluted peak that corresponded to
n-octanoylated human ghrelin-(1-28) in an N-RIA
and a C-RIA, indicating that the detected acyl ghrelin
was octanoylated (Fig. 1A). When plasma from patient
3 with GA2 was examined using the same method, the
N-RIA revealed that the major peak corresponded to
n-octanoylated human ghrelin-(1-28) (Fig. 1B). In
addition, a small peak, which corresponded to decan-
oylated ghrelin, was observed in fraction 16 (arrow c),
reflecting that serum C10-acylcarnitine levels were also
elevated in patient 3 (Table 1).

Discussion

Ghrelin is the sole peptide hormone known to have a
fatty acid modification. When we started this study in
2007, the catalytic enzyme and fatty acid substrate that
mediate ghrelin acylation had not been identified.
During this study, the GOAT enzyme was shown to be
essential for ghrelin acylation (6. 7). Octanoic acid and
octanoyl-CoA were candidates for the fatty acid
substrate. We hypothesized that octanoyl-CoA was the
substrate, because acylation of ghrelin should be an
intracellular process. In fact, Chgusu et al. (19) showed
that acyl-CoA can be the substrate for ghrelin acyl-
modification using the in vitro assay system. We tested
this hypothesis in patients with MCADD and GA2,
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2 = which are characterized by higher intracellular octa-
Bl OBEZRYS noyl-CoA levels. Indeed, plasma A/D ratios tended to be
< ) elevated in these FAO deficiencies. A relationship
between age and ghrelin levels may exist (20, 21).
£ . Concerning children, Ikezaki reported that the circulat-
E| Y88 g 3 5 ing ghrelin levels tended to correlate negatively with age
gl “YPOSR in children and adolescents, but the correlation was not
e N significant (22). Thus, the relationship has not been
E ] confirmed yet. Although we did not compare them
2| 8:z8E8 directly with those in age- and body mass index (BMI)-
g| ~TFTN 8 matched normal children, they appeared to be higher
- N than those in children with CPT II and VLCAD
® - o 2 deficiencies with similar BMIs. BMIs of these patients
G 33833 3 were comparable to those of normal Japanese female
e children (23). These findings support the hypothesis
3 that octanoyl-CoA is a primary substrate for ghrelin,
gl 85288 g‘ although medium-chain triglyceride dietary lipids are a
@ 3 " direct source for ghrelin acylation (7. 16. 24). Moreover,
£ § g GOAT is a membrane-bound molecule in the endoplas-
K b3 s58¥g: < I mic reticulum (ER). Although how octanoyl-CoA gets
S o) eeeex g |3 into the ER lumen is unclear, Yang et al. (6) speculated
s - 3 that GOAT might mediate the transfer of octanoyl-CoA
£ o gasoy s | & from the cytosol to the ER lumen. Although serum
2l e © ssesda 8 £ acylcarnitine levels tended to correlate with acyl ghrelin
£l 3 ° —g levels, further studies using more patients with FAO
RS oo oo 5 g disorders are needed to confirm this relationship.
o | £ S 332338 & $ In addition to n-octanoylated ghrelin, other molecu-
.g g S g lar forms of the ghrelin peptide exist, including des-acy!
2 ;é _ 2 a ghrelin lacking an acyl modification and such minor
£ g 88888 b % acylated ghrelin species as n-decanoylated ghrelin (Ser3
5 © g |5 is modified by n-decanoic acid) (4. 5). Serum from a
8 9 § patient with GA2 showed the presence of acylated
§ @ 56355 S g ghrelin that was not octanoylated and was possibly
5 TN ee 5 ‘.:,. decanoylated (16). In a patient with GA2, intracellular
2 ° £ levels of a variety of acyl-CoAs, including octanoyl- and
S wer- oo g & decanoyl-CoAs, were increased, whereas MCADD was
< 8 000 + L . . : :
) 33333 M z associated with specific elevation of octanoyl-CoA
g s |2 levels. In fact, the patient with GA2 had elevated
8 3 2 octanoylcarnitine and decanoylcarnitine levels: 1.24
[=5 DN DO N (=} 8 .
© 3 f8g8=g H 8 . and 1.86 nmol/ml respectively. Nonetheless, the HPLC
& s =5 peak representing n-decanoylated ghrelin was much
3 2 ] weenao o smaller than that representing n-octanoylated ghrelin.
3 $E| 28w g% Although this is possibly because GOAT acylates ghrelin
2 £5 more efficiently with octanoyl-CoA than decanoyl-CoA,
g - o oo o 83 it is more likely because the cross-reactivity between
8 | vewryg g8 n-octanoylated and n-decanoylated ghrelins is 20—-25%
g s 38 in the N-RIA. In fact, the HPLC peaks of fraction 15-17
£ _ @ So in the C-RIA, which detects similarly both n-octanoy-
= & fi e-egwi S 2 lated and n-decanoylated ghrelins, were large, strongly
= = o g .‘g suggesting that a substantial amount of n-decanoylated
£ - g E ghrelin comparable to the elevated decanoylcarnitine
s g 3 ﬁ A 'E;% level was present. Qur observation that acyl ghrelin
b & 2895385 ¥ &g levels were not elevated in VLCAD and CPT II
£ 236805 = g deficiencies, in which medium-chain acyl-CoAs levels
&} & 8. g |58 are not higher, supported the idea that GOAT specifically
- g 3 2385|588 acts on medium-chain acyl-CoAs. Although C16 and
-} £l s Efgt|sg C18 levels were not increased in the patient with CPT II
& Al Eroveovw g PR |80 deficiency (Table 1), they may be normalized during
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Ghrelin (fmol/ml)

Ghrelin (fmol/ml)

Fraction number

Figure 1 Representative RP-HPLC profiles of ghrelin immuno-
reactivity in patients with MCADD (A) and GA2 (B). Closed circles,
data obtained using a RIA for a ghrelin C-terminal region (C-RIA);
open circles, data obtained using a RIA for a ghrelin N-terminal
region (N-RIA). Patient plasma extracts from a Sep-Pak C18
cartridge were fractionated using a Symmetry300 C18 column

(5 mm packing, 3.9 X 150 mm, Waters). A linear gradient of 10-60%
CH3CN containing 0.1% TFA was passed over the column for

40 min at 1.0 ml/min. The fraction volume was 1.0 ml. Arrows
indicate the elution positions of des-acyl human ghrelin-(1-28) (a),
n-octanoylated human ghrelin-(1-28) (b), and n-decanoylated
ghrelin (¢).

a stable period in a mild form of CPT II deficiency (25).
In fact, this patient did not manifest any marked signs or
symptoms at the measurement.

Ghrelin modification with the fatty acid is essential
for its biological action. Octanoylation of ghrelin may
also be linked to energy homeostasis and fat metab-
olism. For instance, when serum n-octanoic acid levels
increase following fat degradation, ghrelin octanoyla-
tion is enhanced, resulting in stimulation of fat
synthesis. Thus, ghrelin may play an important role in
energy homeostasis through its own fatty acid metab-
olism. Related to this concept, Kirchner et al. (24)
speculated that signaling via GOAT and ghrelin might

www.eje-online.org
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act as a fat sensor for exogenous nutrients and support
fat storage as nutrients are ingested.

FAO deficiency contributes to such clinical problems
as sudden infant death syndrome, cyclic vomiting
syndrome, fulminant liver disease, and maternal
complications (8, 9). Early diagnosis and appropriate
management are required to reduce mortality and
morbidity associated with this class of disorders.
Recently, newborn screening has been expanded in
this area. Measuring plasma ghrelin levels may support
a diagnosis of MCADD or GA2, for example. Moreover,
our results have pathophysiological implications for
these disorders. Plasma ghrelin levels are changed by
energy demands and food intake (e.g. glucose and fat),
and ghrelin affects appetite and adiposity (2. 3).
Alterations of plasma ghrelin levels in FAO disorders
may reflect and/or influence the patient’s metabolic
status. In addition, higher acyl ghrelin levels may affect
the GH/insulin-like growth factor 1 (IGF1) system.
There are reports that higher AG levels would increase
GH and IGF1 levels (26. 27. 28. 29) and thereby linear
growth could be affected. Although none of our patients
manifested markedly abnormal growth velocity, we did
not measure their serum GH/IGF1 levels. Thus, further
studies are warranted to detail a variety of metabolic
parameters in this setting.

There are several limitations in this study. At first, the
number of FAO patients tested is small. Unfortunately,
the incidence of FAO patients in the Japanese population
is much smaller than that in Caucasians. Although we
asked pediatricians on a nationwide scale, we could
successfully collect only five female patients. No adult
case has yet been reported in Japan. Secondly, as
mentioned above, the normal female subjects were not
matched in age or BMI, although patients with MCADD
and GA2 exhibited higher plasma A/D ratios than those
in child CPT II and VLCAD deficiencies with similar
BMIs. To supplement the correlation study, we
performed RP-HPLC analysis to prove the increased
octanoylation of ghrelin in MCADD and GA2 directly.
Further, the presence of n-decanoylated ghrelin is also
demonstrated in GA2. Thirdly, the disturbance in the
hepatic carbohydrate regulation and the altered periph-
eral glucose uptake may occur in FAQ patients. Hence,
abnormal carbohydrate regulation could influence acyl
ghrelin levels. Since none of our patients manifested
abnormal fasting glucose and HbAlc levels, we
speculated that no significant effects occurred.

In summary, we have demonstrated increased
levels of acyl ghrelin in patients with MCADD or GA2,
which are also characterized by increased intracellular
octanoyl-CoA levels. These findings provide mechanistic
insights into the biosynthesis of ghrelin. Furthermore,
analyzing plasma ghrelin levels may help elucidate
pathophysiological processes in FAO deficiencies and aid
in the diagnosis of these disorders. Detailed studies using
more patients are certainly needed.
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ABSTRACT

Mitochondrial respiratory chain disorders are the most common disorders among inherited metabolic disor-
ders. However, there are few published reports regarding the relationship between mitochondrial respiratory
chain disorders and sudden unexpected death in infancy. In the present study, we performed metabolic au-
topsy in 13 Japanese cases of sudden unexpected death in infancy. We performed fat staining of liver and
postmortem acylcarnitine analysis. In addition, we analyzed mitochondrial respiratory chain enzyme activity
in frozen organs as well as in postmortem cultured fibroblasts. In heart, 11 cases of complex I activity met the
major criteria and one case of complex I activity met the minor criteria. In liver, three cases of complex I
activity met the major criteria and four cases of complex | activity met the minor criteria. However, these
specimens are susceptible to postmortem changes and, therefore, correct enzyme analysis is hard to be
performed. In cultured fibroblasts, only one case of complex I activity met the major criteria and one case
of complex [ activity met the minor criteria. Cultured fibroblasts are not affected by postmortem changes
and, therefore, reflect premortem information more accurately. These cases might not have been identified
without postmortem cultured fibroblasts. In conclusion, we detected one probable case and one possible
case of mitochondrial respiratory chain disorders among 13 Japanese cases of sudden unexpected death in
infancy. Mitochondrial respiratory chain disorders are one of the important inherited metabolic disorders
causing sudden unexpected death in infancy. We advocate metabolic autopsy with postmortem cultured
fibroblasts in sudden unexpected death in infancy cases.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Sudden unexpected death in infancy (SUDI) is defined as sudden
unexpected death occurring before 12 months of age. If SUDI remains
unexplained after thorough investigations, it is classified as sudden
infant death syndrome (SIDS). The more common causes of SUDI
are infection, cardiovascular anomaly, child abuse, and metabolic
disorders. However, the many potential inherited metabolic disorders
are more difficult to diagnose at autopsy as compared to cardiovascu-
lar defects and serious infection. Inherited metabolic disorders may,
therefore, be underdiagnosed as a cause of SUDI or misdiagnosed as
SIDS. Fatty acid oxidation disorders (FAODs) are one type of the

Abbreviations: CS, citrate synthetase; FAODs, fatty acid oxidation disorders; MRC,
mitochondrial respiratory chain; OXPHOS, oxidative phosphorylation; SIDS, sudden in-
fant death syndrome; SUDI, sudden unexpected death in infancy.

* Corresponding author. Fax: +81 6 6879 3119,
E-mail address: yamamoto@legal.med.osaka-u.acjp (T. Yamamoto).
! These authors contributed equally to this work.

1096-7192/$ - see front matter © 2012 Elsevier Inc. All rights reserved.
doi: 10.1016/j.ymgme.2012.05.002

inherited metabolic disorders and may cause as much as 5% of SUDI
cases after thorough investigations including metabolic autopsy {1-5].
In a review of SUDI cases with respect to potential FAODs, we found a
case of carnitine palmitoyltransferase Il deficiency [6]. In that study,
we performed fat staining of liver, postmortem acylcarnitine analysis,
and genetic analysis, advocating the importance of metabolic autopsy
in SUDI cases.

Mitochondrial respiratory chain (MRC) disorders were first identi-
fied in 1962 [7]. MRC disorders have a frequency of about at least
1:5000 newborns and are the most common disorders among inherited
metabolic disorders [8]. However, there are few published reports re-
garding the relationship between MRC disorders and SUDL Studies of
MRC disorders have not progressed because of technical difficulties or
variability in clinical manifestations {9]. In sudden death cases especial-
ly, clinical features are unclear and postmortem changes complicate
molecular analysis.

In the present study, we performed metabolic autopsy in 13 Japanese
cases of SUDI in order to determine whether MRC disorders could be
detected or not. We performed fat staining of liver and postmortem
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acylcarnitine analysis according to the previous methods. In addition, we
analyzed MRC enzyme activity in frozen organs as well as in postmortem
cultured fibroblasts. With such metabolic autopsy, we were able to.detect
one probable case and one possible case of MRC disorders. These cases
might not have been identified without metabolic autopsy. MRC disorders
are important diseases causing SUDI and metabolic autopsy might be
helpful for forensic scientists and pediatricians to diagnose MRC disorders
that might not otherwise be identified.

2. Materials and methods
2.1. Subjects

Between October 2009 and September 2011, forensic autopsy was
performed on 588 cases at our institute, 22 of whom were under
12 months of age. Following macroscopic examination, nine cases
could be diagnosed but 13 cases (Table 1) did not have any characteris-
tic appearance and remained undiagnosed. In this study, we reviewed
these 13 undiagnosed cases (8 males, 5 females) with age ranging
from 1 to 10 months.

2.2, Autopsy

Autopsies were performed within 24 h following death. Blood was
obtained from the femoral vein. Heart and liver specimens were imme-
diately cut and frozen at —80 °C. Dermis, which was cut and sterilized,
was cultured at 37 °Cand 5% CO, in Dulbecco's modified Eagle's medium
(Sigma, St. Louis, MO) containing 10% fetal bovine serum, 1% penicillin
streptomycin glutamine, and 2.5% amphotericin B (Life Technologies,
Indianapolis, IN). Once cultures were established, fibroblasts were fro-
zen at —80 °C.

2.3. Sudan Ill staining

Liver samples preserved in 4% phosphate-buffered formaldehyde
solution were frozen, cut into 10-pm sections, and stained by the
Sudan Il method for fat staining.

2.4. Postmortem blood acylcarnitine analysis by tandem mass spectrometry

Whole blood samples obtained at autopsy were blotted onto one
spot on Guthrie cards. They were subjected to acylcarnitine analysis
by tandem mass spectrometry and compared with the previously
determined normal range {6].

Table 1
SUDI cases.

Case Age/sex Height/weight Circumstances Fever Remarks

no. (cm/kg)

1 4mo/M 68/7.5 Sleeping -

2 10 mo/F 70/8.8 Sleeping - Sister: undiagnosed
encephalitis

3 10mo/F  71/7.7 Sleeping + Cesarean section

4 9mo/M 67/75 Sleeping -

5 4mo/M 60/5.7 Sleeping - Hydrocephalia

6 6mo/M 68/8.0 Sleeping -

7 1mo/F 51/36 Sleeping - Twins, preterm birth

8 10mo/M 72/9.9 Sleeping - Developmental disease
(right side of the
body paralysis)

9 6mo/F 64/8.9 Sleeping - Bronchitis

10 4mo/M 65/7.4 Sleeping - Cesarean section

11 1mo/M 58/4.8 Sleeping -

12 5mo/M 59/4.2 Sleeping - Preterm birth

13 2mo/F 53/3.9 Sleeping - Low-birth-weight

infant

Abbreviations: F, female; M, male; mo, month; SUDI, sudden unexpected death in infancy.

2.5. Enzyme analysis

The activity of mitochondrial respiratory chain complexes |, 11, 1ii,
and IV was assayed in the crude post-600-g supernatant of heart and
liver, and in isolated mitochondria from skin fibroblasts as described
previously [ 10}. The activity of each complex was presented as a percent
ratio relative to the mean value [9]. The activity of complexes 1, II, Ill, and
IV was also calculated as the percent relative to citrate synthetase (CS),
a mitochondrial enzyme marker or complex Il activity [10].

2.6. Ethics

This study was approved by the Ethics Committee of the Osaka
University Graduate School of Medicine.

3. Results
3.1. Microscopic examination

One of the common features in diagnosing MRC disorders is hepatic
steatosis. We therefore performed Sudan IIl staining to examine wheth-
er vacuoles caused by fatty degeneration were present in hepatocytes.
Diffuse microvesicular steatosis was detected in case 5 (Fig. 1A). No
Sudan IlI-positive vacuole was detected in case 13 (Fig. 1B) and the
other cases, for example, case 2 (Fig. 1C).

3.2. Postmortem blood acylcarnitine analysis

We performed acylcarnitine analysis by tandem mass spectrometry
using whole blood samples. In all samples, data were within the normal
range. These data suggested that no case was affected by FAODs (data
not shown).

3.3. Enzyme analysis of MRC complexes in heart, liver, and cultured
fibroblasts

The enzyme activity of each complex was compared with the CS
ratio and complex Il ratio. Lower than 20% activity of any complex in a
tissue or lower than 30% activity of any complex in a cell line meets
the major criteria. Lower than 30% activity of any complex in a tissue
or lower than 40% activity of any complex in a cell line meets the
minor criteria according to Bernier et al. [11].

In heart, 11 cases of complex I activity met the major criteria of MRC
disorders and one case of complex I activity met the minor criteria
(Fig. 2A). In liver, three cases of complex I activity met the major criteria
of MRC disorders and four cases of complex I activity met the minor
criteria (Fig. 2B). In cultured fibroblasts, one case (case 5) of complex |
activity met the major criteria of MRC disorders and one case (case
13) of complex I activity met the minor criteria (Fig. 2C, Table 2). The ac-
tivity of complexes Ii, I1I, and IV was maintained in almost all cases.

3.4. Diagnosis

A definite diagnosis is defined as the identification of either two
major criteria or one major plus two minor criteria. A probable diag-
nosis is defined as either one major plus one minor criterion or at
least three minor criteria. A possible diagnosis is defined as either a
single major criterion or two minor criteria, one of which must be
clinical [11].

All the cases had a clinical symptom of sudden death, meeting one
minor criterion. In the enzyme activity, eleven cases (cases 2, 4-13)
met the major criteria and we could make a probable diagnosis in
these 11 cases. The other two cases (cases 1 and 3) met the minor
criteria and we could make a possible diagnosis.
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Fig. 1. Microscopic examination of liver (Sudan Il staining): (A) case 5, (B) case 13, and
(C) case 2. Diffuse microvesicular steatosis was detected in case 5 (A). No Sudan 1l
positive vacuole was detected in case 13 (B) and the other cases, for example, case 2 (C).

4. Discussion

Mitochondria are essential organelles that exist in all nucleated mam-
malian cells. They provide the energy required for normal cell function
through oxidative phosphorylation (OXPHOS). OXPHOS includes MRC
complexes (complexes [, II, Ill, and 1V) and ATP synthase {complex V)
1121, which use reduced coenzymes from the tricarboxylic acid cycle
and molecular oxygen, generating cellular energy in the form of ATP [13].

The infantile or early neonatal period demands high energy.
Patients with MRC disorders are unable to produce adequate energy,
which may thus compromise them in the first days of life or during
infancy. MRC disorders affect most organ systems and present
variable clinical manifestations from prenatal complications through
acute neonatal decompensation and death to adult-onset disorders.
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Fig. 2. Enzyme activity of MRC complexes in heart (A), liver (B), and cultured fibroblasts
(C). In heart, 11 cases of complex I activity were under 20% of the CS ratio, meeting the
major criteria and one case of complex I activity was under 30% of the CS ratio, meeting
the minor criteria (A). In liver, three cases of complex I activity were under 20% of the
CS ratio, meeting the major criteria and four cases of complex I activity were under 30%
of the CS ratio, meeting the minor criteria (B). In cultured fibroblasts, one case {case 5)
of complex 1 activity was under 30% of the CS ratio, meeting the major criteria and one
case (case 13) of complex | activity was under 40% of the CS ratio, meeting the minor
criteria (C). The activity of complexes II, Ill, and IV was maintained in almost all cases.
The enzyme activity of each complex was compared with the CS ratio. Lower than 20%
activity in a tissue or lower than 30% activity in a cell line (dark blue) meets the major
criteria, Lower than 30% activity in a tissue or lower than 40% activity in a cell line (light
blue) meets the minor criteria. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

Therefore, it is not surprising that MRC disorders are also one of the
causes of SUDI. However, there are few reports on a relationship
between MRC disorders and SUDI {12,14].

We have previously reviewed SUDI cases with respect to FAODs
and found a case of carnitine palmitoyltransferase Il deficiency [6]. In
that study, we advocated the importance of metabolic autopsy {15},
including fat staining of liver, postmortem acylcarnitine analysis, and
genetic analysis. Using this protocol, most FAODs, some amino acid
oxidation disorders, and some organic acid oxidation disorders could
be diagnosed.

However, MRC disorders are difficult to diagnose. First, they present
variable clinical manifestations and non-specific features such as failure
to thrive or hepatic, cardiac, renal, gastrointestinal, endocrine, he-
matological, or other symptoms [10,16]. Second, although blood
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Table 2
Enzyme assay of mitochondrial respiratory chain complexes in cultured fibroblasts.

Enzyme activity (%)°

Col Coll Collt Co IV
Case 5
CS ratio 9 66 38 53
Co 1l ratio 13 - 71 58
Case 13
CS ratio 39 106 76 98
Co Il ratio 37 - 73 92

Abbreviations: Co 1, complex I; Co i, complex 1I; Co 1lf, complex Iif; Co IV, complex 1V;
CS, citrate synthetase.
2 Relative to mean CS and Co II of the normal controls.

lactate levels and muscle morphology can be used as a screening test,
some confirmed patients were normal [10]. Third, genomic muta-
tional analysis is difficult because MRC complexes are composed of
13 subunits encoded by mitochondrial DNA and over 70 subunits
encoded by nuclear genes. In addition, nuclear genes are related to
many assembly factors, membrane dynamics, nucleotide transport
synthesis, and mitochondrial DNA replication and expression. There-
fore, enzyme analysis still remains the most significant diagnostic
tool. A definite diagnosis thus requires enzyme analysis [8].

In the present study, we performed enzyme analysis in frozen heart,
frozen liver, and cultured fibroblasts. Eleven cases were supposed to be
a probable diagnosis and two cases were supposed to be a possible diag-
nosis. However, it seemed unlikely that such a high proportion would
have real MRC disorders. Did we have to take the effect of postmortem
changes into consideration?

For forensic autopsy, organ specimens are often preserved in formal-
dehyde solution and sometimes frozen. These specimens are susceptible
to postmortem changes and, therefore, correct enzyme analysis is hard
to be performed. Based on the previous report that artifactual loss of
complex Il activity in autopsy samples preceded that of complex I and
the data that complex II activity in the present study was maintained,
this low complex I activity might be decreased before death. However,
postmortem changes cannot be completely ruled out and this low com-
plex I activity may not therefore be consistent with premortem activity.

We therefore analyzed activity in cultured fibroblasts. Cultured
fibroblasts are not affected by postmortem changes and, therefore,
reflect premortem information more accurately. In cultured fibro-
blasts, one case (case 5) of complex I activity met the major criteria
and one case {case 13) of complex I activity met the minor criteria.
In case 5, complex I activity was distinctively decreased. Sudan IlI
staining of the case revealed hepatic steatosis, consistent with Reye-
like syndrome. Reye-like syndrome is one of the characteristic
features of MRC disorders [9]. We could therefore make a probable
diagnosis (case 5) and a possible diagnosis (case 13) from metabolic
autopsy with postmortem cultured fibroblasts.

Case 5 had hydrocephalia and case 13 was a low-birth-weight
infant. However, neither was severe. Macroscopic examination did
not reveal any abnormal appearance and microscopic examination
showed no pathological findings except for steatosis. These cases
might not have been identified without postmortem cultured fibro-
blasts. As with such cases, some MRC disorders reveal no clinical
manifestation and no pathological characteristic. We believe it is im-
portant to perform metabolic autopsy with postmortem cultured
fibroblasts when encountering SUDI cases.

We emphasized the advantage of metabolic autopsy with cultured
fibroblasts. First, despite lacking obvious preceding symptoms, MRC
disorders could be diagnosed. Second, cultured cells are the only
method to retrieve premortem information from the deceased.
Third, even frozen samples are affected by postmortem changes and
may lead to a false positive diagnosis. However, we have to discuss
the disadvantage. MRC disorders showed tissue specificity and the ac-
tivity of cultured fibroblasts represent normal in some cases. Some of

the low complex I activity in heart or liver could represent pre-
mortem MRC disorders despite normal activity in cultured fibroblasts.
Thus, other molecular investigations may well be added to enzyme
analysis. Recently, systematic gene analysis using next-generation
sequencing has been reported for the diagnosis of patients with
MRC disorders [17]. Further investigations are thus needed.

In conclusion, we detected one probable case and one possible
case of MRC disorders among 13 Japanese cases of SUDI. MRC disor-
ders are one of the important inherited metabolic disorders causing
SUDI. We advocate metabolic autopsy with postmortem cultured
fibroblasts in SUDI cases.
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