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[long-term repopulating (LTR)-HSCs], CD34 *KSL (multipotential
progenitor cells), c-kit™ Scal™ lin~ cells (progenitors), and their
progeny subpopulations. Expression of Rocl, Ddbl, and Cul4a was
detected in each of the hematopoietic subpopulations by RT-PCR
analysis (Fig. 14). Although Cul4a expression was predominant in
lymphoid cells, that in HSC and progenitor subpopulations is pre-
sumed to be functionally significant because the HSC activity was
reportedly defective in the heterozygous Cul4a-deficient mice (24).
Because the yeast two-hybrid analysis with Hoxb4 as bait and Culda
as prey clearly suggested that Hoxb4 directly interacts with Culda
(Fig. S14) similarly to Hoxa9 (25), we examined whether Hoxb4
forms a complex (designated as RDCOXB4) with Rocl-Ddbl-
Culda in a cell line derived from the human kidney cells, HEK-
293 cells (HEK-293), transfected with Flag-tagged Hoxb4. Rocl,
Culda, and Ddbl were detected in the immunoprecipitates pre-
pared with an anti-Flag antibody (Fig. 1B), indicating that exo-
geneous Hoxb4 formed the RDCOXB4 complex in HEK-293. The
similar complex formation was observed in a Hoxb4-transduced
myeloid cell line, 32D cells (32D) (Fig. S1B). The RDCOXB4
complex may directly interact with Geminin because the yeast two-
hybrid and immunoprecipitation analyses showed that Hoxb4 in-
teracted with Geminin through the homeodomain (Fig. S1 GG and
H) as the other Hox proteins did (22).

Hoxb4 Restores Impaired HSC Activity and Geminin Protein Level in
Rae~'"FLC. We then determined whether Hoxb4 compensated for
impaired HSC activity in Rae™'~ mice, which resulted from ac-
cumulated Geminin (20). Hoxb4 was transduced into wild-type
FLC (Rae*'*FLC) and Rae™'"FLC by using a murine stem cell
virus vector with the enhanced yellow fluorescence protein
(EYFP) gene (MEP). Hoxb4 transduction increased cell pop-
ulation in the S phase, stopped apoptosis, and recovered the
impaired clonogemc long-term culture-initiating cell (LTC-IC)
and LTR activities in Rae”'"FLC, whereas Hoxb4N>A exerted
little effect (Fig. S2 A-D and Fig. 24). Because we previously
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Fig. 1. Expression of Roc1, Ddb1, and Culda and the complex formation
with Hoxb4. (A) mRNA expression examined by quantitative RT-PCR. The
mRNA expression levels are shown as ratios to the level in GAPDH. 1,
CD347KSL; 2, CD34'KSL; 3, progenitors; 4, Ter119* cells (erythroid cells); 5,
Gr1* cells (granulocytes); 6, CD3"* cells (T cells); 7, B220" cells (B cells). (B)
Immunoprecipitation analysis of the RDCOXB4 complex in HEK-293 trans-
fected with Flag-Hoxb4. An anti-HA polyclonal antibody was used as a con-
trol antibody in the immunoprecipitation. IP, immunoprecipitation; IB,
immunoblotting.
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showed that accumulated Geminin gave rise to HSC deficiency in
Rae"FLC, we next examined the effect of Hoxb4 transduction
on Geminin. Although Geminin mRNA was increased by Hoxb4
transduction as similar to mRNAs for Cdt] and Cyclin A2, target
genes for E2F (Fig. S2F), cell sorting analysis showed that Gem-
inin protein was significantly reduced by Hoxb4 transduction in
each phase of the cell cycle (Fig. 2B). Down-regulation of Geminin
protein was also detected in Lin*, KSL, and CD34 KSL sub-
populations of Hoxb4-transduced BMCs (Fig. S3). Down-regula-
tion of Geminin protein was further confirmed by immunoblot
analysis in Hoxb4-transduced BMCs and 32D where the mRNA
and S-phase cells were increased (Fig. 2C and Fig. S1 C=F).

Effect of Geminin on Hoxb4-Mediated Hematopoietic Induction. To
examine whether down-regulation of Geminin protein is involved
in the molecular mechanism underlying the Hoxb4-mediated he-
matopoietic induction, we examined the effect of Geminin on
Hoxb4-transduced BMCs. BMCs were first transduced with Hoxb4
by using the murine stem-cell virus vector with the resistance gene
for puromycin (MPI) and then were supertransduced by using
the MEP vector with either Geminin or destruction box-deleted
Geminin (Geminin-DBD), which is resistant to ubiquitination
by the anaphase-promoting complex/cyclosome (APC/C) (26).
Geminin protein was reduced by Hoxb4 transduction throughout
the cell cycle, and Geminin supertransduction reverted the re-
duced Geminin protein level to that in control cells (Fig. 34).
Transduction of Geminin-DBD further up-regulated Geminin
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Fig. 2. Effect of Hoxb4 transduction on FLCs and BMCs. (A) LTR activity.
Percentages of EYFP* cells in the peripheral blood cells of recipient mice
were examined 1, 3, and 6 mo after transplantation. BT: before trans-
plantation. Number of recipient mice is shown above the graph. (B) Geminin
protein in FLCs, which were examined in each phase of the cell cycle by flow
cytometry. (C) Geminin protein in BMCs, which were examined by immu-
noblot analysis. Hoxb4 transduction-mediated down-regulation of Geminin
was suppressed by MG132 treatment.
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Fig. 3.

Effect of Geminin transduction or knockdown in BMCs. (A) Effect of Geminin transduction on Geminin protein. BMCs were transduced with Hoxb4

and either Geminin or Geminin-DBD, and Geminin protein in each phase of the cell cycle was determined by flow cytometry. (B) Effect of Geminin trans-
duction on LTR activity. (C) Effect of siRNA-induced Geminin knockdown on clonogenic activity.

protein (Fig. 34). Geminin and Geminin-DBD transduction effi-
ciently abrogated the clonogenic activity enhanced by Hoxb4
transduction (Fig. S44). Geminin transduction also remarkably
affected the replating, LTC-IC, and LTR activities enhanced by
Hoxb4 transduction (Fig. 3B and Fig. S4 B and C). On the other
hand, siRNA-mediated Geminin knockdown did not affect cell
cycling (Fig. S5 A and B) but clearly promoted clonogenic and
replating activities (Fig. 3C and Fig. S5 C and D). We further ob-
served that the enhanced clonogenic activity was suppressed by
restoration of Geminin (Fig. S5 £ and F), confirming that the effect
of the siRNA was mediated by specific down-regulation of Gem-
inin. These findings indicated that Geminin down-regulation is
crucial for Hoxb4-mediated induction of the HSC activity.

Effect of Hoxb4 on Geminin in HEK-293. We next examined the mo-
lecular mechanism of how Hoxb4 transduction down-regulated
Geminin protein. Transient transfection of Hoxb4 reduced
endogeneous Geminin protein in HEK-293 (Fig. 44) despite in-
creasing the mRNA (Fig. S64), whereas the reduction was com-
pletely suppressed by treatment of MG132, an inhibitor of
proteasome (Fig. 44). Geminin down-regulation in Hoxb4-
transduced BMCs and 32D was also suppressed by MG132
treatment (Fig. 2C and Fig. SIF). Pulse-chase—labeled Geminin
with [*>S]methionine was shown to be destabilized in Hoxb4-
transduced HEK-293 (Fig. S6B). Culda overexpression induced
down-regulation of Geminin protein synergistically with Hoxb4
(Fig. S6C). siRNA-mediated knockdown of Culda eliminated the
downregulating effect of Hoxb4 on Geminin protein (Fig. 4B),
which facilitated our examination of the involvement of Cul4a in
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Hoxb4-mediated Geminin regulation. Mobility-shifted Geminin
bands were detected in extracts from HEK-293 cotransfected with
Geminin, hemagglutinin (HA)-tagged ubiquitin (HA-Ub), and
Hoxb4 or Cul4a in the presence of MG132 (Fig. S74). Mobility-
shifted Geminin bands were confirmed to be ubiquitin-conjugated
Geminin by means of immunoprecipitation analysis (Fig. S7B).
Ubiquitination of Geminin-DBD through Hoxb4 was similar to that
of Geminin (Fig. S74), suggesting that the Hoxb4-mediated ubig-
uitination was independent of APC/C. The above-mentioned find-
ings support a hypothesis that transduced Hoxb4 down-regulates
Geminin protein through the ubiquitin-proteasome system (UPS)
with the RDCOXB4 complex as the E3 ubiquitin ligase.

Reconstitution of E3 Ubiquitin Ligase Activity of RDCOXB4 for
Geminin. To determine the E3 ubiquitin ligase activity of the
RDCOXB4 complex for Geminin, we reconstituted the re-
combinant protein complex in Spodoptera frugiperda insect cells,
named Sf9. Sf9 were coinfected with baculoviruses including
His6-Rocl, Ddbl, Cul4a (27), and Flag-Hoxb4. Cell extracts
were then prepared from Sf9-expressing (His6-Rocl)-Ddbl-
Culda-(Flag-Hoxb4)[RDCOXB4], which was purified with metal
affinity column chromatography. Gel filtration fractionation
analysis showed that one of the peak fractions of Flag-Hoxb4
corresponded with the complex with a molecular weight similar
to that of the recombinant complex consisting of stoichiometri-
cally determined amounts of the components (260 kDa) (Fig.
S84). We also prepared and purified (GST-Rocl)-Ddb1-Cul4a-
(Flag-Hoxb4) [RDCOXB4] with glutathione affinity column
chromatography (Fig. 54). The affinity-purified recombinant
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Fig. 4. Effect of Hoxb4 or Cul4a on Geminin protein in HEK-293. (A) Effect of Hoxb4 transfection on Geminin protein, which was examined by immunoblot
analysis. The effect was suppressed by MG132 treatment. (B) Effect of Cul4a knockdown on Hoxb4-mediated down-regulation of Geminin protein.
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RDCOXB4 was then subjected to an in vitro ubiquitination assay
with purified bacterially produced recombinant His6- and myc-
tagged Geminin (myc-Geminin). Mobility-shifted Geminin bands
were detected in the reaction products (Fig. S8B8). Intensity of the
bands increased and mobility also shifted according to dosage of
the RDCOXB4 complex and the reaction time. Next, an in vitro
ubiquitination assay with biotin-tagged ubiquitin (biotin-ubiquitin)
was performed to determine whether the shifted bands corre-
sponded with ubiquitinated Geminin (Fig. 5B). myc-Geminin was
then immunoprecipitated with an anti-myc polyclonal antibody
after the reaction, and similar mobility-shifted bands were detec-
ted in the immunoprecipitate through biotin-avidin interaction,
confirming that the mobility-shifted bands represented ubiquiti-
nated Geminin. The lower two mobility-shifted bands (Fig. S8C)
were detectable in the reaction products obtained with methyl-
ubiquitin, whereas more mobility-shifted bands were not, indi-
cating that the former corresponded to mono-ubiquitinated
Geminin and the latter to Geminin with more elongated ubig-
uitin chains.

Hoxb4N> A tended to form the RDCOXB4 complex more ef-
ficiently and/or stably than did wild-type Hoxb4 (Fig. 54). The
poly-ubiquitination activity was, however, abrogated by a single
amino acid substitution (Fig. 5C), suggesting that the E3 ubiquitin
ligase activity for Geminin of RDCOXB4 was mediated by a
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Fig. 5. Reconstitution and purification of the RDCOXB4 complex in Sf9
and E3 ubiquitin ligase activity for Geminin. (A) Crude extracts: expression
of each member of the complex was detected in crude extracts by im-
munoblot analysis. Affinity-purified: pull-down assay of the complex with
GST-Rocl. (Lower) Schematic representation of the complex. *, N>A mu-
tation in the homeodomain of Hoxb4. (B and C) E3 ubiquitin ligase activity
for Geminin. The affinity-purified recombinant complex was subjected
to in vitro ubiquitination reaction (myc-Geminin + E1 + E2 + ubiquitin). (B)
Reaction with biotin-tagged ubiquitin. Ubiquitinated Geminin was de-
tected through biotin-avidin interaction in immunoprecipitated myc-
Geminin. (C) The E3 ubiquitin ligase activity for Geminin in GST-Roc1,
RDOXB4(-Culda), RDC(-Hoxb4), RCOXB4(-Ddb1), RDCOXB4, and RDCOXB4
(N>A). The amount of GST-Roc1 in the complex was adjusted to that of
RDCOXB4 (1 pg).
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homeodomain in Hoxb4, which provides an interaction domain
with Geminin. These findings clearly showed in vitro that Hoxb4
formed the RDCOXB4 complex and acted as the E3 ubiquitin
ligase for Geminin. We also compared E3 ubiquitin ligase activi-
ties in GST-Rocl, RDOXB4(-Cul4a), RDC(-Hoxb4), RCOXB4
(-Ddbl), and RDCOXB4 (Fig. 5 A and C). The mobility-shifted
bands for poly-ubiquitinated Geminin were undetectable in GST-
Rocl, RDOXB4(-Culda), RDC(-Hoxb4), and RCOXB4(-Ddb1)
although those for mono-ubiquitinated Geminin were detectable
(Fig. 5C). Evenin the absence of either Cul4a or Ddb1, GST-Rocl
interacted with Hoxb4 but displayed mono-ubiquitination activity
only for Geminin (Fig. 5C). Each of the RDCOXB4 members may
thus be required for an effective induction of poly-ubiquitination.
To eliminate the possibility that Geminin was ubiquitinated by
contaminated APC/C, we confirmed that a similar activity oc-
curred in Geminin-DBD (Fig. S8D). We also examined ubiquiti-
nation of each of the RDCOXB4 members in the reaction
products. The RDCOXB4 complex itself may thus also be sub-
jected to self-ubiquitination (Fig. S8E).

Effect of Hoxb4 Transduction on E2F Activity and Its Target Gene
Expression. Hoxb4 transduction increased mRNA for Geminin,
Cdtl, and Cyclin A2 in either Rae?*FLC or Rae™"FLC,
whereas HoxbdN>A did so less efficiently (Fig. S2F). Because
these genes are under the regulation of E2F (28, 29), the in-
duction was presumed to be mediated by E2F activation. We
next examined the effect of Hoxb4 on E2F activity by means of
a transient transfection experiment with an E2F-firefly luciferase
reporter plasmid, pE2WTx4-Luc, in HEK-293 (Fig. 64) (30).
Hoxb4 overexpression induced luciferase activity in a dosage-
dependent manner, but that of Hoxb4N>A did so less efficiently
(Fig. 64). Because Hoxb4 transfection reduced Geminin protein
through UPS as mentioned above, we examined the effect of
Geminin on E2F activity (Fig. 64). siRNA-mediated knockdown
of Geminin-induced E2F activity and restoration of reduced
Geminin by 6myc-tagged Geminin transfection significantly re-
versed the effect, suggesting that Hoxb4 induced E2F activity at
least in part through the direct regulation of Geminin.

Effect of Hoxb4 Transduction on Cdt1 and Mcm2. Finally, we exam-
ined by immunoblot analysis the effect of Hoxb4 on Cdtl in the
whole extract (Fig. S2F) as well as in the chromatin fraction (Fig.
6B). Transduction of Hoxb4 increased Cdtl in the whole extract
(Fig. S2F), probably through the aforementioned E2F activation,
whereas that of Hoxb4N>A increased less efficiently. Similar in-
duction was observed in Cyclin A2 (Fig. S2F) and Mcm2 (Fig. 6B).
Hoxb4 transduction more prominently increased Cdtl and Mcm2
in the chromatin fraction of Rae™~FLC (Fig. 6B), in which chro-
matin-loaded Cdtl and Mcm2 were markedly reduced by accu-
mulated Geminin as described previously (20). The down-
regulation of Geminin protein was thus presumed to increase
chromatin-loaded Cdt1 and Mcm? either by E2F activation or by
relieving the Geminin-mediated direct inhibition of Cdtl, pro-
moting the prereplicative complex formation on chromatin to
provide cells with higher proliferation potential.

Discussion

We show here that Hoxb4 directly interacts with Geminin
through the homeodomain. Hoxb4 transduction induced forma-
tion of the RDCOXB4 complex, which may act as the E3 ubiquitin
ligase for Geminin, whereas HoxbdN>A constituted a similar
complex that displayed little of the E3 ubiquitin ligase activity.
Although the homeodomain of Hox proteins has long been be-
lieved to function as a DNA-binding domain (7), these findings
indicate that the homeodomain may provide the RDCOXB4
complex with a recognition domain for Geminin. The involve-
ment of the Roc1-Ddb1-Cul4a ubiquitin ligase core component in
sustaining HSC activity is further supported by recently reported
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Effect of Hoxb4 on E2F activity and DNA replication licensing. (A) Effect of Hoxb4 transfection on E2F activity. Renilla luciferase reporter plasmid

driven by the mutant E2F-binding site, pPE2MTx4-R, was used as control. (Upper) Firefly luciferase activity relative to that in mock vector-transfected cells.
1, mock vector; 2, Hoxb4—0.1 pg; 3, Hoxb4—0.5 pg; 4, Hoxb4—1 pg; 5, Hoxb4N>A—1 pg; 6, control siRNA; 7, siRNA for Geminin and a mock vector;
8, siRNA for Geminin and 6myc-tagged Geminin (0.1 pg). (Lower) Immunoblot analysis. (B) Effect of Hoxb4 transduction on Cdt1 and Mcmz2 in the

chromatin fraction of Rae ™~

protein and purity of the chromatin fraction, respectively.

genetic evidence that the self-renewal and repopulating capaci-
ties, as well as hematopoietic differentiation, were impaired by
Cul4a haploinsufficiency (24), although many target molecules for
the Rocl-Ddb1-Cul4a component were reported. Hoxb4 trans-
duction may down-regulate Geminin protein through UPS to
relieve the inhibition of Cdtl, and down-regulated Geminin
protein may also give rise to E2F activation, which facilitates
loading of a DNA prereplicative complex onto chromatin to
promote cell cycling. Because E2F activity was reported to be
induced by Hoxb4 through the induction of c-Myc as mentioned
above (9), Hoxb4 might induce E2F activity through either down-
regulation of Geminin or up-regulation of c-Myc. Although it
remains elusive in our study how down-regulated Geminin indu-
ces the E2F activation, the above findings suggest that Geminin
by itself negatively regulates the transcription activity of its own
promoter because transcription of Geminin is under the regula-
tion of E2F (29). This may imply that a feedback mechanism plays
a role in maintaining homeostasis of Geminin expression in
cells. Hoxb4 transduction may thus affect Geminin homeostasis
directly and indirectly, i.e., via the ubiquitination of Geminin and
also via its effect on the transcription of Geminin to induce the
HSC activity.

Although further detailed analysis is required, we propose
a tentative model for the molecular mechanism showing how
transduced Hoxb4 provides hematopoietic stem and progenitor
cells with high proliferation potential on the basis of the findings
in our current study (Fig. 7). Transduced Hoxb4 induces UPS-
mediated down-regulation of Geminin protein by constituting
the RDCOXB4 complex, an E3 ubiquitin ligase for Geminin,
which results in augmentation of a prereplicative complex loaded
onto chromatin as well as in transcription induction of the E2F
target genes involved in DNA replication and cell cycling. The
augmented prereplicative complex loaded onto chromatin may
provide higher proliferation potential for hematopoietic stem
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FLC. S, soluble fraction; C, chromatin fraction. p-Actin and histone H2A were detected as control to ensure equal amounts of

and progenitor cells. As we previously reported, Geminin is highly
expressed in CD34"KSL but is down-regulated in CD34"KSL,
progenitors, and their progeny subpopulations, whereas Cdt1 ex-
pression is reciprocal to Geminin expression (20). Thus, high
Geminin expression is presumed to induce CD34 KSL to main-
tain quiescence and undifferentiated states through direct inter-
action with Cdt1(19) and Brgl/Brahma (21), respectively, whereas
down-regulated Geminin may induce cellular proliferation and
differentiation in the progeny subpopulations. Although the higher
cellular proliferation potential might also help to induce self-
renewal of HSCs, the precise molecular role for Geminin in Hoxb4
transduction-induced self-renewal activation of HSCs remains in-

Fig. 7. Proposed tentative model for the molecular role of Hoxb4 in pro-
viding cells with proliferation potential. The pathway either enhanced or di-
minished by Hoxb4 transduction is indicated by thick and thin lines,
respectively. Dotted lines indicated an indirect effect. E2F, E2F-binding site;
Ub, ubiquitin.
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sufficiently understood. Further detailed analysis of Geminin could
provide an important clue for elucidating a molecular mechanism
that sustains the hematopoietic stem and progenitor cell activity.

Materials and Methods

Animal experiments were done with C57BL6 mice and mice deficient in Rae28
with a congenic genetic background. Plasmids and double-stranded RNAs
(Dharmacon-ThermoFisher) were transfected by the calcium phosphate
coprecipitation method and by using Lipofectamine RNAIMAX (Invitrogen-
Life Technologies). Retrovirus-mediated gene transduction was performed
with murine stem cell virus vectors. Hematopoiesis was assessed through
clonogenic, LTC-IC, and LTR activities. The recombinant RDCOXB4 complexes
were purified from Sf9 transfected with the baculovirus vectors and sub-
jected to the in vitro ubiquitination assay. The statistically analyzed results
are shown with SEM. A detailed description of all of the methods and
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Abstract Short-chain acyl-CoA dehydrogenase (SCAD)
is a mitochondrial enzyme involved in the f-oxidation of
fatty acids. Genetic defect of SCAD was documented to
cause clinical symptoms such as progressive psychomotor
retardation, muscle hypotonia, and myopathy in early
reports. However, clinical significance of SCAD deficiency
(SCADD) has been getting ambiguous, for some variants in
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the ACADS gene, which encodes the SCAD protein, has
turned out to be widely prevailed among general popula-
tions. Accordingly, the pathophysiology of SCADD has not
been clarified thus far. The present report focuses on two
suspected cases of SCADD detected through the screening
of newborns by tandem mass spectrometry. In both sub-
jects, compound heterozygous mutations in ACADS were
detected. The mutated genes were expressed in a transient
gene expression system, and the enzymatic activities of the
obtained mutant SCAD proteins were measured. The
activities of the mutant SCAD proteins were significantly
lower than that of the wild-type enzyme, confirming the mech-
anism underlying the diagnosis of SCADD in both subjects.
Moreover, the mutant SCAD proteins gave rise to mito-
chondrial fragmentation and autophagy, both of which were
proportional to the decrease in SCAD activities. The associ-
ation of autophagy with programed cell death suggests that
the mutant SCAD proteins are toxic to mitochondria and to
the cells in which they are expressed. The expression of
recombinant ACADS-encoded mutant proteins offers a tech-
nique to evaluate both the nature of the defective SCAD
proteins and their toxicity. Moreover, our results provide
insight into possible molecular pathophysiology of
SCADD.

Introduction

Short-chain acyl-CoA dehydrogenase (SCAD), a mitochon-
drial enzyme of the fatty acid ff-oxidation system, mediates
the metabolic transition from acyl-CoA with four- or six-
carbon chains to 2-enoyl-CoA in the first step of the f-oxi-
dation spiral. SCAD deficiency (SCADD) occurs as a rare
autosomal recessive disorder, first reported in 1985
(Amendt etal. 1987; Bennett etal. 1985; Coates et al.
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1988). The clinical symptoms such as progressive psycho-
motor retardation, muscle hypotonia, and myopathy were
documented (Bhala et al. 1995; Corydon et al. 2001). As
the results of the enzymatic defects, increased levels of
C,-acylcarnitine in peripheral blood and ethylmalonic acid
(EMA) in urine are observed.

Acylcarnitine measurement using tandem mass spec-
trometry (MS/MS) is a new screening technology that has
been applied to the detection of inborn errors of organic
acid and fatty acid metabolism in newborns, including
those with symptomatic and asymptomatic SCADD as well
as their asymptomatic siblings (Bok et al. 2003; Naito et al.
1989b; Pedersen et al. 2008). This has led to the recogni-
tion that in the general population, many individuals may
carry ACADS mutations but lack SCADD-related symp-
toms. Precise knowledge of the pathogenesis, natural
course, and prognosis of SCADD, based on a definitive
diagnosis, is essential for promoting a better understanding
about SCADD and for developing an even more efficient
screening system.

Mutations in the ACADS gene, which encodes the SCAD
protein, have been identified in symptomatic patients with
SCADD. Overall, approximately 60 mutations in ACADS
are known thus far (Gregersen etal. 2008). These may
result in an insufficient energy supply during f-oxidation,
especially under conditions of starvation or stress, thereby
triggering the onset of SCADD (Gregersen etal. 2001).
Indeed, two studies reported a correlation between ACADS
mutations and the deterioration of SCAD enzymatic activi-
ties (Naito et al. 1989a, b). However, the residual enzy-
matic activities documented in those studies were, in many
patients, too high to allow a definitive diagnosis of SCADD
although this may have been due to the overlapping activity
of MCAD toward C4-C6 acyl-CoAs (Wanders et al. 1999).

Two common ACADS sequence variants, R171W
(511C>T) and G209S (625G>A), have been identified in
healthy populations at a frequency of 14-30% (Corydon
etal. 1996, 2001; Gregersen etal. 1998; Pedersen et al.
2008). Genetic analysis of patients with elevated levels of
ethylmalonate in the urine revealed that approximately 69%
was homozygous or compound heterozygous for these vari-
ants (Gregersen et al. 2001). Although neither of the vari-
ants seems to be sufficient to cause disease, it cannot be
ruled out that expression of either one may nonetheless
contribute to disease pathogenesis in conjunction with
other, hitherto unknown factors (van Maldegem et al.
2006). Thus, whether mutations in ACADS are related
directly to the deterioration of short-chain fatty acid oxida-
tion and to the clinical symptoms of SCADD remain con-
troversial.

In this study, we identified the first two cases of SCADD
in Japan, including one subject with a novel ACADS
G108D mutation. Analysis of the recombinant SCAD
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mutant proteins showed that all of them give rise to a severe
decrease in SCAD enzymatic activity. Furthermore, differ-
ences in the solubility, degree of mitochondrial fragmentation,
and autophagy were identified among SCAD wild-type
(WT), mutant, and variant proteins. Together with recent
studies in which a correlation between mitochondrial frag-
mentation and neurodegeneration was demonstrated (Knott
et al. 2008), our findings may provide an important clue
regarding the molecular mechanism underlying SCADD
and the neuronal symptoms possibly associated with the
disease.

Materials and methods
Case report

Newborns with metabolic disorders of organic and fatty
acids have been screened in Hiroshima using MS/MS tech-
nology since 1999. Based on the screening results, two
females suspected of having SCADD were identified from
among the more than 200,000 infants screened. In these
two subjects, high levels of C,-acylcarnitine were detected
in blood spotting by MS/MS, and the level of ethylmalonic
acid excreted in urine was elevated as well (Sup. Table 1).
According to these criteria, the subjects were susceptible to
SCADD; however, the children, who are now 4-year-old,
have thus far not shown any symptom related to SCADD,
and neither do the members of their families.

Blood samples were obtained from the subjects and from
healthy adult controls after they provided written informed
consent. The study was approved by the Ethics Committee/
Internal Review Board of Hiroshima University.

Molecular genetics

Genomic DNA was extracted from peripheral white blood
cells. All of the exons and flanking introns comprising the
ACADS gene were PCR-amplified using the primers listed
in Sup. Table 2. The PCR products were sequenced directly
using a BigDye Terminator v3.1 cycle sequencing kit
(Applied Biosystems, Foster City, CA, USA) and an ABI
PRISM 310 genetic analyzer (Applied Biosystems).

Total RNA was extracted from the cells using ISOGEN
(Nippon Gene Co., Tokyo, Japan), and the cDNA was syn-
thesized from 5 pg of total RNA using a SuperScript first-
strand synthesis system for RT-PCR (Invitrogen, Carlsbad,
CA, USA). PCR of the WT and mutant alleles was carried
out with primers that spanned the entire ACADS coding
region. The PCR products were cloned into pPGEM-T Easy
vector (Promega, Madison, WI, USA). The three mutants
were generated by PCR-based mutagenesis of the WT
construct using the mismatched PCR primers listed in
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Sup. Table 2. These fragments were subcloned into the
EcoRI and Xhol sites of the mammalian expression vector
PcDNA myc-His (+) (Invitrogen).

Analysis of gene expression

The SCAD dehydrogenase activity targeting C4-CoA is
maximal in the mitochondrial fatty acid cycle, but similar
enzymatic activity, at comparable levels, is expressed by
MCAD in a reaction involving the same substrate (Coates
et al. 1988; Wanders et al. 1999). Thus, in studies examin-
ing SCAD enzymatic activities, MCAD enzymatic activity
was neutralized by pre-treating fibroblasts, lymphocytes,
and muscle samples with a polyclonal antibody against the
latter protein; nonetheless, SCAD enzymatic activities var-
ied greatly (Corydon etal. 1997; 2001; Gregersen et al.
1998; Naito et al. 1989b; Tein et al. 2008). Therefore, it is
unclear whether the in vitro data obtained in those studies
of SCADD patients reflected only SCAD, and not MCAD,
activity. Initially, we also tried to measure cellular SCAD
enzymatic activity by pre-treating the cells with a poly-
clonal antibody against MCAD, but, likewise, the data were
not convincing. Therefore, we devised a transient gene
expression system that overcame the contaminating influ-
ence of MCAD.

HEK293 cells were maintained in DMEM containing
10% fetal calf serum (FCS) (HyClone, Logan, UT, USA),
100 U penicillin/ml, and 100 pg streptomycin/ml. At 24 h
before transfection, the cells were harvested by trypsiniza-
tion and replated at a density of 1 x 10° cells/ml in 100-
mm culture dishes. Plasmid DNA (5 pg per plate) carrying
the WT, P55L, G108D, E344G, R171W, or G209S alleles
of ACADS was introduced into HEK293 cells by calcium
phosphate-mediated transfection.

Enzymatic activity assays were carried out at 24 h post-
transfection using 2 x 107 cells from each plate and follow-
ing a previously reported method, with some modification
(Tajima etal. 2005). In brief, the reaction mixture con-
tained 80 mM K,HPO, (pH 7.0), 1 mM n-butyryl-CoA
(Sigma Chemical, St. Louis, MO, USA), 2 mM phenazine
methosulfate (Nacalai Tesque, Tokyo, Japan), 0.1 mM
flavin adenine dinucleotide, and the cell lysate. After incu-
bation at 37°C for 5 min, the reactions were terminated by
the addition of 0.3 mM HCIO,. The denatured proteins
were centrifuged, and the supernatant introduced into a
high-performance liquid chromatography (HPLC) system
set up to detect crotonyl-CoA production based on its UV
absorption at 260 nm. A linear increase of crotonyl-CoA
production was detected within the range of 0.5 x 10°-
3.0 x 10° HEK293 cells; thus, in subsequent experiments,
extracts were prepared from 2 x 10> HEK293 cells. The
same assays were carried out at 26 and 41°C incubation
temperatures.

The remainder of the cell extracts was used for Western
blotting, in which the SCAD protein was detected using
anti-Myc antibodies.

Separation of the SCAD proteins into soluble and insoluble
fractions

Plasmids carrying the WT, P55L, G108D, E344G,
R171W, or G209S ACADS alleles were introduced into
HEK293 cells by calcium phosphate-mediated transfec-
tion. At 24 h post-transfection, 5 x 10° cells from each
plate were transferred to 1.5-ml Eppendorf tubes and
washed with 1x PBS. The cells were treated with extrac-
tion buffer (10% glycerol, 0.15 mM KCI, 1.5 mM MgCl2,
I mM EDTA, 0.5% Triton X-100, 20 mM HEPES, with
protease inhibitor), vortexed, and then set on ice for
10 min, followed by centrifugation (17,000xg, 10 min,
4°C) to isolate the soluble and insoluble fractions. Since
SCAD mutant proteins have a tendency to misfold and
aggregate, they are predominately contained in the insolu-
ble fraction (Pedersen et al. 2003). WT proteins and pro-
teins encoded by the common variants are found almost in
the soluble fraction. Accordingly, both the supernatants,
as the soluble fraction, and the pellets, as the insoluble
fraction, were analyzed by Western blotting.

Immunostaining of the SCAD proteins

The U2-0OS cells were maintained in DMEM containing
10% fetal calf serum (FCS) (HyClone, Logan, Utah,
USA), 100 U penicillin/ml, and 100 pg streptomycin/ml.
At 24 h before transfection, the cells were harvested by
trypsinization and replated at a density of 2 x 10° cells/ml
in 35-mm culture dishes with a cover glass. Plasmid
DNA (1 pg per plate) carrying the WT, PS5L, G108D,
E344G, R171W, or G209S ACADS alleles were intro-
duced into U2-OS cells by lipofection using lipofect-
amine 2000 according to the manufacturer’s guidelines
(Invitrogen). The cells were stained 24 h post-transfec-
tion with an anti-c-Myc rabbit polyclonal IgG (200 pg/ml;
Santa Cruz Biotechnology) and an Alexa Fluor 488 goat
anti-rabbit IgG (2 mg/ml; Molecular Probes) for SCAD
proteins, Hoechst 33342 1 pg/ml (Calbiochem) for
nuclei, and MitoTracker Red CM-H,XRos (Molecular
Probes) for mitochondria. Images were taken using an
OLYMPUS microscope BX50 equipped with DP70.
Stained cells were photographed at the same exposure
time for each dye to allow comparison.

Mitochondrial fragmentation data were evaluated statis-
tically and expressed as the means and SE. Experiments
were performed in triplicate and repeated at least three
times. Statistical analysis was carried out using Student’s ¢
tests; **p < 0.01; ***p < 0.001.
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Fig. 1 Sequence analysis of Subject 1 Subject 2

ACADS. Genomic DNAs of

ACADS from the two subjects exon 2 exon 9 exon 2 exon 3

who positively screened for Phe Pro Tl Glu Ala Phe Pro Il Arg Gly Cys

SCADD were amplified by PCR,
and the products were sequenced
by direct sequencing. Sequenc-
ing analysis revealed compound
heterozygous ACADS mutations
in both subjects. Upper row
shows each of sequence of the
mutations; Subject 1: Pro55Leu
(164C>T) in exon 2 and
Glu344Gly (1031A>G) in exon
9; subject 2: Pro55Leu
(164C>T) in exon 2 and WT

Direct
sequence

Gly108Asp (323G>A) inexon 3. allele
Middle row showed WT allele
sequences of ACADS, and lower
row showed each mutant allele
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(1031 A>G) (164 C>T) (323G>A)

Glu Gly

Gly Asp

Autophagy analysis of the SCAD-overexpressing cells

The autophagic activities of cells overexpressing WT or
G108D mutant SCAD proteins were analyzed in whole-cell
lysates prepared as follows: 1 x 10° U2-0S cells were
transfected with 5 ug WT or G108D plasmid DNAs by lipo-
fection. At 24 and 48 h post-transfection, the cells were
collected and treated with 2x SDS-PAGE buffer. The
resulting lysates of these WT and G108D SCAD-
overexpressing cells were analyzed by Western blotting
using a polyclonal anti-LC3B antibody (1 mg/ml; NOVUS
Biologicals) in order to detect LC3-II expression which is
induced by autophagosome formation. As a control, whole-
cell lysates were prepared from 1 x 10° U2-0S cells with
and without pepstatinA and E64d, both of which inhibit the
conversion of LC3-1I to LC3-1.

Results
Sequence analysis

High molecular weight DNA was extracted from periphe-
ral blood samples obtained from the two subjects diag-
nosed with SCADD. Exons and the flanking intron
regions of ACADS were amplified by PCR (Fig. 1). As
shown in Fig. 1, both subjects had missense mutations in
the ACADS gene: in subject 1, in exons 2 [164 C>T
(P55L)] and 9 [1031 A>G (E344G)], and in subject 2, in
exons 2 [164 C>T (P55L)] and 3 [323 G>A (G108D)].
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The G108D mutation was a novel mutation involving an
amino acid (G108) that is highly conserved among Mus
musculus, Danio rerio, and Drosophila melanogaster.
The G108D mutation was not detected in 100 unrelated
Japanese control individuals, suggesting its potential
pathogenic nature.

Because we could not obtain subjects’ parents blood
sample, the respective cDNAs were prepared and then ana-
lyzed by subcloning them into the pPGEM-T Easy vector to
confirm the mutations. Ten clones were sequenced indi-
vidually, and in each subject, both mutant alleles were
found to be expressed equally (Fig. 1). These results sug-
gest that the two subjects had compound heterozygous
mutations in ACADS.

SCAD activity analysis

Prior to measuring mutant SCAD enzymatic activity, we
confirmed that the assay accurately measured the enzymatic
activity of SCAD proteins. Accordingly, ACADS c¢cDNA
was introduced into a mammalian expression vector,
pcDNA, and the resulting expression vector was transfected
into HEK293 cells using the calcium phosphate co-precipi-
tation method, as previously reported (Okada et al. 2007).
Extracts from 1 x 107 of the transfectants were prepared,
and n-butyryl-CoA dehydrogenase activity was measured
in serially diluted cell samples to obtain a standard curve
(Fig. 2a). In HEK293 cells, a linear increase in crotonyl-
CoA production was measured in the range of 0.5 x 10°-
3.0 x 10° cells. Based on the results, extracts from 2 x 10°
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Fig. 2 SCAD enzymatic activity analysis. a Butyryl-CoA dehydroge-
nase activity in crude cell lysates prepared from HEK293 cells trans-
fected with WT ACADS plasmid DNA. Standard curve of the
enzymatic activity of WT SCAD protein was shown. Based on the re-
sults, extracts from 2 x 10° cells were used to analyze SCAD enzy-
matic activity in all subsequent experiments. b SCAD enzymatic
activity in HEK293 cells 24 h after transfection with WT or mutant
SCAD proteins. WT activity was defined as the 100% value. Error
bars indicate the standard deviation. The data are the results of tripli-
cate experiments
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Fig. 3 Western blotting of SCAD proteins. Western blot analysis with
an anti-c-Myc antibody to detect SCAD protein. Top panel the extracts
can be seen to contain equal amounts of SCAD proteins. Middle and
lower panels show the soluble and the insoluble fractions for each of
the SCAD proteins. f-Actin served as the control to ensure equal
amount of proteins on the filter

cells were used to analyze SCAD enzymatic activity in all
subsequent experiments. Each construct was assayed at
least three times (Fig. 2b). Expression levels of the recom-
binant mutant proteins were investigated by Western blot
analysis using an anti-c-Myc antibody (Fig. 3).

Compared to the enzymatic activity of the WT SCAD
protein, the activities of the G108D and other mutants were
<10% (Fig. 2b). The enzymatic profile of the subjects was
reproduced by co-transfecting the P55L and E344G
mutants (subject 1) or the PS5L and G108D mutants (sub-
ject 2), and then measuring the enzymatic activities derived
from the combined mutant proteins. Low-level activity was
detected in each case, analogous to the SCAD activities
determined in the subjects (Sup. Fig. 1a). Furthermore,
co-transfection of the WT and each of the mutants yielded
60-70% of the normal enzymatic activity, suggesting that
these mutants do not influence WT SCAD (data not shown).

Interestingly, an analysis of the common SCAD variants
RI71W and G209S SCAD showed that their enzymatic
activities were 40-60% of the activity measured in the WT
(Fig. 2b), whereas co-transfection of R171W and G209S
resulted in 50% of the WT activity (Sup. Fig. 1a). Accord-
ing to these results, in individuals harboring these varia-
tions, enzymatic activity should be about half that
measured in individuals expressing WT SCAD.

In temperature-dependent assay, enzymatic activities of
SCAD constructs were entirely lower at 26°C incubation
temperature and slightly higher at 41°C incubation tempera-
ture than those at 37°C incubation temperature (Sup.
Fig. 1b). The whole propensity of decrease of mutants
SCAD and variants SCAD against WT SCAD was con-
stant.

Separation of SCAD proteins

To characterize the SCAD mutant proteins, WT, mutant,
and variant proteins were purified, and the differences
among them were examined. As SCAD mutant proteins
are known to misfold and to aggregate (Pedersen et al.
2003) and are thus retained in the insoluble fraction, both
the soluble and the insoluble fractions obtained during
protein purification were assayed. In the soluble fraction,
the amount of mutant SCAD, especially of the G108D
mutant, was much less than that determined for the WT
(Fig. 3), whereas the amount of variant SCAD in the solu-
ble fraction was only mildly decreased (Fig.3). As
expected, in the insoluble fraction, expression of the
mutants was much higher than that of either the WT or the
variants (Fig. 3). For each transfectant, the trend was such
that the lower the SCAD activity was, the greater was the
amount of expression detected in the insoluble fraction.

Immunostaining
Differences in the subcellular localization of the WT and
mutant SCAD proteins produced in U2-OS cells were

explored by immunostaining. All SCAD proteins were
detected in the subcellular region corresponding to the
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Fig. 4 Immunostaining of WT and G108D SCAD-expressing cells.
a U2-0S cells transfected with each of the SCAD constructs were
immunostained as described in “Materials and methods”. Strand-
shaped and fragmented mitochondria of cells expressing the WT
ACADS gene or the G108D mutation were seen, respectively. Green

mitochondria (Fig. 4a). However, whereas in WT-
expressing U2-OS cells, the mitochondria were strand
shaped, in cells expressing mutant-SCAD, they were
mostly fragmented (Fig. 4a). The mutant proteins were
detected in the fragmented mitochondria or spreading
within the adjacent cytoplasm. In addition, in many of
the mutant-expressing cells the nucleus was deformed.
These findings suggest that mutant SCAD proteins are
toxic to the mitochondria and/or to the cells themselves
(Peng and Jou 2004).

In cells expressing variant SCAD, both strand-shaped
and fragmented mitochondria occurred. As in a previous
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showed SCAD protein; red showed mitochondria; blue showed nuclei.
b Percentage of SCAD-expressing cells containing fragmented mito-
chondria. For each transfectant, 300 U2-OS cells were assessed
according to mitochondrial shape (***p < 0.001, **p < 0.01)

study, the ratio of strand-shaped to fragmented
mitochondria was determined in cells containing the
WT, mutant, or variant SCAD proteins (Taguchi et al.
2007). The proportion of cells with fragmented mito-
chondria was much higher in mutant SCAD-expressing
cells (Fig. 4b) than in cells expressing the WT (>90 vs.
40%; p <0.001). This trend was strongest in G108D
cells and intermediate in the variant cells (p <0.01).
These results correlated well with SCAD enzymatic
activities, i.e., the lower the SCAD activity of a transfec-
tant was, the higher was the proportion of fragmented
mitochondria.
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Fig. 5 LC3assay of WT and G108D SCAD-expressing cells. Western
blotting showed that LC3-I1, a marker of cellular autophagy, was pres-
ent in higher amounts in G108D-expressing than in WT-expressing
cells. This trend was seen at both 24 and 48 h post-transfection. The
amount of protein loaded on the filters was controlled using f-actin

Autophagy in SCAD-overexpressing cells

A recent study showed that mitochondrial fragmentation
induces cellular autophagy (Kang and Hwang 2009).
Accordingly, we examined whether this was also the case
in G108D-expressing cells, in which the severest mitochon-
drial fragmentation was observed. Autophagy was detected
by measuring the expression of LC3-II, a marker of auto-
phagosome formation. At both 24 and 48 h post-transfec-
tion, LC3-II expression was stronger in G108D-expressing
cells than in cells containing the transfected WT protein
(Fig. 5). These results suggested that autophagy was more
severely induced in G108D-expressing cells than in those
expressing the WT.

Discussion

In this study, compound heterozygous mutations in ACADS
were identified in two Japanese subjects with SCADD—the
first such cases to be diagnosed in Japan. Moreover, in one
of them, a novel mutation, G108D, was identified. Enzyme
activities of the recombinant mutant SCAD proteins
obtained using a transient gene expression system were
measured. The activities of the SCAD mutants were found
to be <10% of the WT activity (Fig. 2b). Furthermore, co-
transfection experiments (P55L and E344G, or P55L and
G108D) allowed us to assess the enzymatic activities
resulting from the same biallelic mutations detected in the
subjects. SCAD activities were also severely impaired in
the co-transfectants, showing that the marked SCAD enzy-
matic defects seen in the two subjects could be precisely
measured and characterized by our system. However, to
date, neither of these subjects has shown overt clinical
symptoms of the disease and, as concluded in previous
studies, the genotype—phenotype relationship in SCADD
remains unclear. It may well be that the altered SCAD
activity may trigger the onset of SCADD under conditions
such as starvation or some forms of stress. Therefore,
SCADD patients should be followed carefully to obtain a

clear understanding of the clinical presentations derived
from the enzymatic defect.

The SCAD activities of the R171W and G209S variants
were 40-60% in range. Although we also noted an obvious
difference in the SCAD activities of the mutants and the
variants, the data do not allow us to conclude whether
individuals with variant forms of the enzyme will develop
clinical symptoms. Another explanation for the pathogenesis
of SCADD was proposed by Naito etal. (1989a, b), who
suggested that the onset of symptoms is due to the cellular
accumulation of abnormal substances (Pedersen etal.
2008). However, it is not known whether, for example,
accumulated butyryl-CoA, a substrate of SCAD, or a short-
age of its metabolic product plays a role in disease onset,
and the pathophysiological implications of the ACADS
variants and/or mutants remain to be determined.

To further characterize the SCAD mutants and variants,
recombinant SCAD proteins were purified, and the soluble
and insoluble fractions retained for analysis. The results
showed that mutant SCAD proteins were predominately
detected in the insoluble fraction, whereas WT protein
localized to the soluble fraction (Fig. 3) and variant SCAD
was distributed between the two. Generally, the insoluble
fraction is considered to contain the cellular bulk of mis-
folded proteins (Malolepsza 2008). Based on in vitro verifi-
cations, Pedersen et al. (2003) suggested that mutant SCAD
protein was prone to misfolding and thus to degradation
and/or abnormal accumulation. It is also known that mis-
folded proteins may trigger cellular toxicity (Gregersen
et al. 2008; Pedersen et al. 2008) although the molecular
mechanism by which this occurs is not well understood.
Interestingly, Margineantu et al. (2007) reported that the
impairment of heat shock protein (hsp) 90, a molecular
chaperone of protein folding, may disturb the ubiquitin—
proteasome system, leading to the accumulation of abnormal
protein and thus perhaps to mitochondrial fragmentation.
As SCAD proteins are folded by hsp 60 (Pedersen
et al. 2003), we examined whether the accumulation of
SCAD mutant proteins was associated with mitochondrial
changes. Immunostaining showed that each of the SCAD
proteins (WT, mutants, and variants) was localized to the
mitochondria (Fig. 4a), as reported previously (Naito et al.
1989a). Consistent with the conclusions of Margineantu
et al., the proportion of cells with fragmented mitochondria
was highest in transfectants expressing the mutant SCAD.
In addition, the appearance of the fragmented mitochondria
correlated well with the decrease in enzymatic activity.
To determine whether mitochondrial fragmentation was
specific to cells expressing the SCAD mutant proteins,
the same experiment was carried out in cells transfected
with the WT and K329E mutant MCAD, the most
common mutation among patients with MCAD deficiency,
and the transfectants were examined by immunostaining
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(Sup. Fig. 2). No obvious differences in the mitochondria of
WT cells and those expressing the K329E mutation were
observed, suggesting that the SCAD mutants impose cellu-
lar alterations that are distinct from those due to mutations
in the MCAD protein. A previous report suggested that
mitochondrial fragmentation impairs mitochondrial homeo-
stasis, and that the degree of mitochondrial damage corre-
lated with the extent of mitochondrial fragmentation (Kim
etal. 2007). A close relationship between mitochondrial
fragmentation and neuronal degeneration, as well as several
diseases, has also been described. For example, in Parkin-
son disease (PD), more extensive mitochondrial fragmenta-
tion is seen in cells exhibiting the PD-causing mutations
(Dagda et al. 2009; Itoh et al. 2008; Knott et al. 2008; Lutz
et al. 2009; Rodriguez-Hernandez et al. 2009). Therefore,
in SCADD, mitochondrial fragmentation may reflect the
mitochondrial damage induced by mutant SCAD proteins
and may be related to the neuronal symptoms observed in
these patients. Recently, pharmacological chaperone thera-
pies against several lysosomal storage diseases by improv-
ing folding of mutated enzymes and their stabilities are
proposed for future research (Parenti 2009). The same ther-
apies might have the possibility for improving the clinical
presentations of SCADD.

Finally, we investigated whether the mitochondrial frag-
mentation induced by mutated ACADS genes results in
apoptotic cell death. As obvious differences in apoptotic
activities between WT and the G108D mutants were not
detected (Sup. Fig. 3), we investigated cellular autophagic
activities. Immunoblot experiments showed high-level
expression of LC3-II in G108D-expressing cells in which
the severest mitochondrial fragmentation was observed.
LC3-II is induced during autophagosome formation, and is
therefore used as a molecular marker of autophagy, an
important mechanism in the maintenance of protein homeo-
stasis. The induction of autophagy has been described in
several neuronal and muscle disorders (Bredesen 2008;
Malicdan et al. 2008) and in neurodegeneration or neuronal
cell death (Cheung et al. 2007; Gorman 2008; Knott et al.
2008). Thus, the induction of LC3-II in cells expressing
SCAD mutations suggests a relationship between SCADD
and the development of neuronal symptoms.

An association between Acads mutations and neurologi-
cal findings was previously investigated in a mouse model
(Tafti etal. 2003). BALB/cByJ mice carrying the G94D
mutation in Acads showed slow theta oscillations, which
may be related to a deterioration of cerebral cortex func-
tion. Tafti et al. suggested that a deficiency in the fatty acid
metabolism pathway affects theta oscillations. These obser-
vations imply a relationship between neuronal disturbances
and SCADD in the mouse. In our overexpression
experiment using mutant SCAD, the induction of cellular
autophagy was observed. So, it is interesting whether
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asymptomatic subjects have subclinical neurological dam-
age. We think it significant to argue with this possibility. To
clarify this point, further investigations including the exis-
tence of neurological signs in otherwise asymptomatic sub-
jects are needed, and this might provide an important clue
for further clarifying the pathophysiological and clinical
features of patients with SCADD.

In this study, we found two female subjects who, as a
result of MS/MS newborn screening, were suspected of
having SCADD. Both subjects had compound heterozy-
gous mutations, including a novel G108D mutation, in the
ACADS gene. cDNAs prepared from the peripheral blood
of these subjects were used to investigate the activity and
solubility of the SCAD enzyme as well as the effects of the
mutations on the mitochondria and on cellular autophagy.
The expression of mutant SCAD, especially G108D, in
transfected cells resulted in a severe decrease in SCAD
enzymatic activity, a change in the enzyme’s solubility, and
the induction of both mitochondrial fragmentation and
autophagy. However, as our results were derived from tran-
sient gene expression experiments, they cannot be extrapo-
lated to the physiological nature of mutant SCAD proteins
in vivo. Further investigations are needed to clarify the
relationship between cellular autophagy and neurological
symptoms and to determine the implications of our findings
with respect to the development of clinical manifestations
in patients with SCADD.
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Abstract Early thrombocytopenia is a common hemato-
logical abnormality in sick neonates. Here, we examined
the relationship between early thrombocytopenia in neo-
nates and parameters associated with thrombopoiesis to
identify predictive factors at birth. Two hundred and forty-
four neonates admitted to the neonatal intensive care unit
were divided into thrombocytopenic (n = 55, 23%) and
non-thrombocytopenic (n = 189, 77%) groups based on
platelet counts, which were monitored within 72 h of birth.
Immature platelet fraction (IPF) and platelet count at birth
were determined simultaneously soon after phlebotomy
with an automated hematology analyzer. Megakaryocytes
and their precursors positive for CD41 in peripheral blood
were examined at birth by flow cytometry. The thrombo-
cytopenic group showed significantly higher IPF percent-
age and lower percentage of CD41" mononuclear cells
(MNCs) than did the non-thrombocytopenic —group
(P < 0.01). Moreover, the percentage of CD41" MNCs
significantly differentiated neonates with platelet counts
>150 x 10°uL at birth and nadir platelet count
<150 x 10°/uL over the clinical course from neonates
without thrombocytopenia. These observations suggest that
the percentage of CD41" MNCs at birth and IPF
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percentage are useful predictors of early thrombocytopenia
in the majority of sick neonates.

Keywords Thrombocytopenia - Neonate - Immature
platelet fraction - Megakaryocyte

1 Introduction

Thrombocytopenia is one of the most common hemato-
logical abnormalities in newborn infants, affecting 22-35%
of neonates admitted to neonatal intensive care units
(NICUs) [1, 2]. Multiple disease processes can cause
neonatal thrombocytopenia, and these can be classified as
those inducing early thrombocytopenia (<72 h after birth)
and those inducing late-onset thrombocytopenia (>72 h).
The causes of early thrombocytopenia are well understood:
neonatal alloimmune thrombocytopenia [3], maternal
immune thrombocytopenic purpura (ITP) or lupus [4],
neonatal giant hemangioma [5], perinatal asphyxia, peri-
natal infection, congenital infection [6], inherited throm-
bocytopenia caused by reduced platelet production, and
congenital errors of metabolism [7]. However, the most
frequent cause of early thrombocytopenia is chronic fetal
hypoxia, which occurs in infants born to mothers with
pregnancy-induced hypertension (PIH) [8] or diabetes [9]
and in those who are small for gestational age (SGA) [10].
In the majority of such cases, thrombocytopenia occurs
within 3 days and resolves spontaneously within 10 days
[1]. The mechanism of transient thrombocytopenia in
neonates with these conditions has not yet been elucidated.
The method for quantifying reticulated platelets known as
the immature platelet fraction (IPF) has been utilized in a
variety of clinical conditions such as thrombocytopenic
disorders [11-13]. The percentage value and the absolute
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value of IPF may be considered to differentiate between
insufficient platelet production and increased destruction in
patients with thrombocytopenia. Recently, Cremer et al.
[13] reported that IPF is a useful parameter to predict the
course of neonatal thrombocytopenia. To examine the
megakaryopoietic activity in neonates with thrombocyto-
penia, circulating megakaryocyte progenitor and precursor
cells were assessed by progenitor assays for megakaryocyte
lineage colony formation [14, 15]. Megakaryopoietic
activity in neonates plays an important role in the clinical
course of neonatal thrombocytopenia.

In this study, we measured the parameters associated
with thrombopoiesis in peripheral blood collected within
24 h after birth.

2 Materials and methods
2.1 Patients

Two hundred and forty-four neonates admitted to the
NICUs of Hiroshima University Hospital, Hiroshima Pre-
fectural Hospital, and Hiroshima City Hospital for various
indications (e.g., preterm, low birth weight, feeding dis-
ability, or respiratory distress) between August 2008 and
July 2009 were enrolled in this study. The study was
approved by the research ethics committee of Hiroshima
University. Exclusion criteria included (1) neonates who
received platelet transfusion, (2) those with chromosomal
abnormalities, and (3) those in whom complete serial blood
cell counts were not examined. One male infant developed
sepsis at 3 days old and was excluded from the analysis
because he received platelet transfusion. None of the other
patients developed early onset sepsis or disseminated
intravascular coagulation. After obtaining informed con-
sent from each patient’s guardian(s), part of the blood
sample was taken for routine diagnostic purposes. All
blood samples were obtained within 24 h of birth.

2.2 Measurement of IPF

Immature platelet fraction was analyzed soon after
phlebotomy using a fully automated hematology analyzer
(XE-2100; Sysmex, Kobe, Japan) with specially designed
software. Platelets were divided into mature and immature
fractions based on their size and fluorescence intensity. IPF
percentage was calculated as the ratio of immature platelets
to the total number of platelets.

2.3 Cell preparation and flow cytometry

Aliquots of approximately 250 uL of peripheral whole
blood collected in EDTA-2K anticoagulant were used for
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cell preparation. Red cells were lysed using erythrocyte
lysing reagent (Dako, Glostrup, Denmark) and washed
twice in phosphate-buffered saline (PBS). The cells were
incubated with fluorescein isothiocyanate (FITC)-labeled
anti-human CD41 antibody, and the stained cells were
analyzed using a FACSCalibur system (Becton—Dickinson
Immunocytometry Systems, San Jose, CA). More than
20,000 mononuclear cells (MNCs) were counted, and the
percentage positive for CD41 was determined. In some
experiments, anti-c-Mpl monoclonal antibody (kindly
provided by Kirin Brewery Company, Takasaki, Japan),
FITC-labeled anti-human CD42b antibody, and phycoery-
thrin (PE)-labeled anti-human CD41 antibody were used to
confirm that the cells belonged to the megakaryocytic
lineage. FITC-labeled anti-human CD41 antibody and
FITC-labeled anti-human CD42b antibody were purchased
from Dako. PE-labeled anti-human CD41 antibody was
purchased from Immunotech (Marseille, France). These
analyses were performed on the first day of life.

2.4 Statistical analysis

Statistical significance was determined using the Mann-
Whitney U test or Student’s 7 test for data showing a
normal distribution. Odds ratio and ¥ statistics were cal-
culated to quantify the associations between thrombocy-
topenia and each of SGA, PIH, and premature membrane
rupture. Simple regression analysis was performed to
examine the relationships among IPF percentage, gesta-
tional age, platelet count at birth, absolute IPF value, per-
centage of CD41" MNCs, and the nadir of the platelet
count. All analyses were performed using StatView soft-
ware version 5.0 (SAS Institute, Cary, NC), and P < 0.05
was considered statistically significant.

3 Results
3.1 Clinical characteristics of the neonates

Two hundred and forty-four neonates (term and preterm)
were enrolled in this study. Routine complete blood cell
counts were examined serially during the course of the
patient’s stay in the NICU. Early thrombocytopenia (<72 h
of life, platelet count <150 x 103/uL) was observed in 55
cases (23%). The remaining 189 cases (77%) did not have
early thrombocytopenia. Table 1 shows the clinical char-
acteristics of the patients according to group. The birth
weight and platelet counts were lower in the thrombocy-
topenic group than in the non-thrombocytopenic group.
The hemoglobin level was higher in the thrombocytopenic
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Table 1 Patient characteristics

Characteristics

Non-thrombocytopenic
(n = 189)

group

Thrombocytopenic group
(n =55)

P value

Gestational age (weeks) (mean £ SD)
Birth weight (g) (mean £+ SD)
APGAR score (5 min) (mean + SD)
WBC (/uL) (mean + SD)
Hb (g/dL) (mean + SD)
Platelet count (10*/L) (mean + SD)
At birth
Nadir
IPF (%) (mean + SD)
IPF absolute values (103/1,1L) (mean =+ SD)
CD41" MNCs (%) (mean + SD)

353+ 3.6
2100 + 720
89+ 1.0
13200 £ 6800
172 +£25

259 + 47

224 + 47

2.78 & 1.11 (n = 153)
7.0 £2.6 (n = 153)
122 £ 5.7 (n = 84)

34.6 £ 4.1
1680 £ 730
86+ 12
11200 £ 6800
183 £ 3.1

165 £+ 58

104 + 33

431 £2.02 (n = 38)
6.4 £ 2.3 (n=38)
79 + 4.4 (n = 36)

0.214
<0.01

0.08

0.06
<0.01

<0.01
<0.01
<0.01

0.19
<0.01

IPF immature platelet fraction, MNC mononuclear cell

3.2 Measurement of IPF at birth
in non-thrombocytopenic neonates

Figure 1 shows the IPF percentage and platelet count at
birth of non-thrombocytopenic neonates. IPF percentage
was negatively correlated with gestational age, whereas
platelet count at birth was not correlated with gestational
age. Overall, IPF percentage in non-thrombocytopenic
neonates was 2.78 £ 1.11%. The thrombocytopenic group
(n = 38) showed significantly higher IPF percentage than
the non-thrombocytopenic group (n = 153) (Table I).
However, no difference in absolute IPF was found between
the two groups.

3.3 Flow cytometric analysis of CD41
in peripheral blood

We examined the percentage of CD41" MNCs at birth in
neonates. Almost all (>95%) of the cells positive for CD41
also expressed c-Mpl, a receptor for thrombopoietin, and
CD42b (Fig. 2). The CD41" MNCs were purified using a
FACSAria cell sorting system and assessed using Wright’s
stain, revealing morphology consistent with that of mega-
karyocytes and their precursors (data not shown). As shown
in Table 1, the percentage of CD41" cells in the throm-
bocytopenic group (n = 36) was significantly lower than
that in the non-thrombocytopenic group (n = 84).

3.4 Risk factors for thrombocytopenia

As shown in Table 2, higher rates of SGA and PIH
occurred in neonates with thrombocytopenia.
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Fig. 1 Immature platelet fraction percentage and platelet count at
birth in non-thrombocytopenic neonates (n = 189). a IPF percentage
was negatively correlated with gestational age (r = —-0.28, P < 0.01).
b Platelet count at birth was not significantly correlated with
gestational age (r = 0.07, P = 0.38)
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Fig. 2 Flow cytometric analysis of CD41, CD42b, and anti-c-Mpl

antibodies. The MNCs positive for CD41 expressed c-Mpl, a receptor
for thrombopoietin (a), and CD42b (b)

Table 2 Risk factors for thrombocytopenia (bivariate analysis)

Number with thrombocytopenia

Risk factor Risk factor OR (95% CI) P

present absent value
SGA  44/114 (36%) 11/130 (8%) 6.80 (3.3-14.1) <0.01
PIH 15/39 (38%)  40/205 (20%) 2.58 (1.24-5.35) 0.012

PROM  7/29 (24%)  48/215 (22%) 0.90 (0.36-2.24) 0.83

OR odds ratio, CI confidence interval, SGA small for gestational age,
PIH pregnancy-induced hypertension, PROM premature rupture of
membrane

3.5 Associations between the platelet count nadir
and percentage of CD41* MNCs or IPF values

We examined the relationships between the platelet count
nadir and the percentage of CD41" MNCs or IPF values.
As shown in Fig. 3, the platelet count nadir was positively
correlated with the percentage of CD41*" MNCs and neg-
atively correlated with IPF percentage at birth, but not with
absolute IPF value.

3.6 Analysis of neonates with platelet nadir counts
less than 150 x 10°/pL

To further examine the risk factors for thrombocytopenia,
neonates who were analyzed for both IPF and CD41°"
MNCs (n = 69) were divided into three groups according
to platelet count: group A, platelet count consistently
>150 x 103/uL; group B, platelet count at birth
>150 x 10*/uL, but platelet count nadir <150 x 10°/pL;
and group C, platelet count consistently <150 x 10*/uL
(Table 3). The percentage of CD41" MNCs in group B was
significantly lower than that in group A (both with platelet
counts >150 x 10*/uL at birth). The percentage of CD41"
MNC:s did not differ significantly between groups B and C
(both with platelet count nadirs <150 x 10*/puL). No sig-
nificant differences in absolute IPF value were found
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among the three groups. No significant differences in IPF
percentage were found between groups A and B.

3.7 Relationship between the percentage
of CD41" MNCs and IPF values

We examined the relationship between the percentage of
CD41" MNCs and IPF values. As shown in Fig. 4, the
percentage of CD41" MNCs was positively correlated with
absolute IPF value, but not with IPF percentage (data not
shown).

4 Discussion

Thrombocytopenia is a common problem in sick neonates
[1, 2, 16]. Murray et al. [14, 15] reported that the majority
of neonates with early thrombocytopenia showed markedly
reduced numbers of circulating megakaryocyte progenitor
cells at birth, as determined by cell culture methods for
colony-forming unit (CFU)-megakaryocytes (MK) and
burst-forming unit (BFU)-MK. In the present study, a
significantly lower percentage of CD41" MNCs at birth
was correlated with early transient thrombocytopenia
observed in neonates, which was consistent with the find-
ings of Murray et al. [14, 15]. Most of the CD41%" cells
expressed CD42b and the thrombopoietin receptor c-Mpl
[17] (Fig. 2), supporting the megakaryocytic properties of
CD41% cells. The flow cytometric assay to detect CD41 is
a simple, rapid, and reproducible method that requires only
small amounts of blood as samples.

The IPF values provided an informative diagnostic
method to precisely differentiate the thrombocytopenic
disorders. In this study, the IPF percentage of non-throm-
bocytopenic neonates was negatively correlated with ges-
tational age, which was consistent with a previous report
[18]. A significant inverse correlation between platelet
count and IPF percentage was reported in patients with
immune thrombocytopenic purpura (ITP) [11, 12, 19]. The
IPF percentage may reflect the severity of platelet
destruction and/or increased platelet production. In neo-
natal thrombocytopenia, simultaneous IPF and platelet
count measurements similarly demonstrated a significant
negative correlation between IPF percentage and platelet
count [13]. Our results also indicated an inverse relation
between platelet count and IPF percentage. However, no
significant difference in absolute IPF value was found
between thrombocytopenic and non-thrombocytopenic
groups. This observation implies that the higher IPF per-
centage in the thrombocytopenic group may reflect the
decrease in number of mature platelets rather than
enhanced thrombopoietic activity and the result of insuf-
ficient thrombopoiesis. The association between the ratio of
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Table 3 The classification
based on platelet count n  CD41"MNCs Absolute IPF IPF (%)
(%) (10%uL)
A Howthrombosytapenis 48 12.495.66 6.77+2.33 2.74£1.09
group
B PC at birth > 150 x 10%uL, % NS NS
10 7.75+3.47 i 6.72+2.52 3.47+1.49
PC nadir < 150 x 10%uL N
Data represent the mean £ SD ) . NS NS &
P <005 C PC at birth < 150 x 10%/uL
: 11 6.27+2.89 _| 6.15+1.43 5.65+2.69
PC platelet count, NS not PC nadir < 150 x 10%uL
significant

CD41" MNCs and the absolute IPF value suggests that the
ratio of CD41" MNCs may indicate megakaryopoietic
activity. Taken together with the CD417 cell count and the
results of CFU-MK and BFU-MK assays, these observa-
tions suggest that the inadequate megakaryopoiesis in
neonates represented by low CD417" cell counts may not
lead to compensatory enhancement of thrombopoietic
activity; thus, it may result in early thrombocytopenia.
Recently, Sola-Visner et al. [20] quantified the number
and size of megakaryocytes in neonate bone marrow
samples. The proportion of large megakaryocytes increased

significantly in the bone marrow of adults with thrombo-
cytopenia, whereas neonates did not exhibit this response.
These findings suggest the potentially limited ability of
neonates to increase platelet production in response to
increased platelet consumption. Furthermore, Saxonhouse
et al. [21] reported the inhibitory effect of hypoxia on
proliferation of megakaryocyte progenitors through
hypoxia-induced changes in the fetal hematopoietic envi-
ronment. These findings further support the suggestion that
the decreases in circulating megakaryocytes and their
precursors in neonates reflect defective megakaryopoiesis.
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