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Seizure-onset zone and cortical mapping in Patient 2. Ictal onset zone is defined at A6, A7, A8, Al5, Al6, and Cl4
(labeled by asterisks), and NMA at A7, A8, C5, C6, C7, and C14. Habitual auras were induced by cortical stimulation
at A7, A8, C6, C7, and Cl4. A cystic lesion shown in Fig. 2 is present beneath A7. Pairs of adjacent electrodes con-
nected by lines indicate cortical stimulation done between the two electrodes. Other electrodes were stimulated to
a common electrode (C9). Positive cortical functions such as motor and sensory responses are shown by symbols.
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patient could not move the tongue and all the extremities
as fast as possible and then could not continue at all. All of
those electrodes also elicited his habitual aura at the same
time. The patient finally clearly identified that his aura
corresponded exactly to the NMR. The NMR was not
completely tested in Patient 1 from the seizure-onset zone
because it was epileptically so irritable as to induce after-
discharges, simple partial seizures, or EEG seizure pat-
terns very frequently.

DisCUSSION

In the present study, we described NMS arising from
the NMA that is different from focal ictal paresis, judg-
ing from the clinical semiology and its generator mech-
anism. It also accompanied arrest of vocalization or
speech. A complex of ictal semiologies including NMS
seen in the present patients was well explained by the
functional anatomy of SMA proper and pre-SMA as
well as the functional anatomy of lateral NMA. We
also pointed out the reason that NMS was rarely
observed.

Generator mechanism of NMS
In the present three patients, arrest of motion and vocal-
ization in a conscious state was the main negative phe-

nomena, and this clinical manifestation was very similar
to NMR elicited by cortical stimulation at the NMA.
Arrest of motion and vocalization could be interpreted by
(1) paresis or paralysis, (2) akinesia, or (3) apraxia, occur-
ring during an ictal period.

In the past, focal ictal paresis or paralysis was rarely
described, and it was believed that loss of muscle tone
with paresis, paralysis, or dropping of the affected body
part was a characteristic signal (So, 1995). This ictal event
was reported by several nomenclatures, as shown in
Table 2. In the present three patients, decreased muscle
tone was not clearly observed. When attempting to under-
stand the difference between NMS and focal ictal paresis,
it is helpful to understand the difference between epileptic
interference (Penfield & Jasper, 1954) and ictal paresis. In
higher cortical areas such as the speech area, epileptic
activation always produces inability of the functions, for
example, as in aphasia, but it never creates words or force
to speak, called epileptic interference (Penfield &
Rasmussen, 1950; Penfield & Jasper, 1954). NMS is
regarded as epileptic interference. On the other hand, in
the cortices of the fundamental functions such as primary
motor or sensory areas, epileptic discharges can produce
activation or inactivation (Table 3). Therefore, NMS is
different from ictal paresis or paralysis, based on the view-
point of the generator mechanism.
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Figure 7.

Epicortical recording of ictal electroencephalography (EEG) with subdural electrodes during a habitual seizure in
Patient 2. This particular seizure (only aura and nonmotor seizure) occurred when the patient was talking to the family
while sitting on the bed. With the onset of the ictal pattern, the patient lay on the bed and stopped talking, and no
movements were observed. Seven seconds after the end of seizure pattern, the patient quickly sat on the bed again.
By the interview after the seizure, it was confirmed that the patient had a habitual aura, and could not speak or move
at all immediately after the onset of aura until it had gone. All of the ictal EEG patterns started as 812 Hz rhythmic
activities commonly involving three electrodes (A6, A7, and C14) placed rostral to the precentral sulcus just over the
cystic lesion, and additionally at A8, Al5, and A6 always before onset of tonic seizures by 4-34 s (average of 14 s).
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In clinical neurology, the term “‘apraxia” is appliedtoa  defect of the primary modes of sensation, loses the ability
state in which a clear-minded patient with no weakness, to execute highly complex and previously learned skills
ataxia, or other extrapyramidal derangement, and no and gestures (Ropper & Brown, 2005), and it even
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Table 2. Comparison of clinical features
between ictal paresis and NMS arrest of
movements in the present study

Loss of
muscle
tone or

weakness lctal focus Reference
fctal paresis
{ctal hemiplegia + SiMi Gowers, 1885
Imonoparesis Matsumoto et al., 2005
Villani et al., 2006
Inhibitory seizures + N _Abou-Khalil et al,,§ 995
Focal atonic/akinetic + Gastaut & Broughton,
seizure 1972
+ PNMA? So, 1995
+ NMA? Noachtar & Liiders,
1999
NMS arrest of - Mesial Meletti et al., 2003
movements premotor
NMA The present study

PNMA, primary negative motor area; NMA, negative motor
area; Ml, primary motor area; Sl, primary somatosensory cor-
tex; NMS, negative motor seizure. [Correction added after
online publication 20 May 2009: lctal focus and Reference
moved to top of columns]

Table 3. Comparison of proposed symptoms
among epileptic interference, epileptic
activation, and epileptic inactivation

Epileptic Epileptic Epileptic
Cortical areas interference activation inactivation
Mi Convulsion, Paralysis, negative
myoclonus myoclonus
St Hyperesthesia Sensory defects
Primary Elementary visual  Scotoma
visual area hallucination
Auditory Tinnitus, auditory Deafness
cortices hallucination
SMA proper Tonic convulsion  Proximal
Sil Pain, hyperesthesia weakness
Frontal eye field Contralateral
version
Speecharea Aphasia
SNMA NMS (negative
(pre-SMA) myoclonus)
PNMA NMS
(Brodmann’s 44)

Ml, primary motor area; S, primary somatosensory cortex;
SMA, supplementary motor area; Sll, second sensory area;
SNMA, supplementary negative motor area; PNMA, primary
negative motor area; NMS, negative motor seizure. [Correc-
tion added after online publication 20 May 2009: Aphasia, NMS,
NMS moved under Epileptic interference column]

includes simple clumsiness. The latter can correspond to
limb-kinetic apraxia. For the diagnosis of apraxia, it is
important to determine whether spontaneous action or

reflexive action to the unexpected stimuli is preserved,
whereas praxes or skilled movements (i.e., pantomime,
tool utilization, and so on) are impaired. It is not practical
to check this during NMS because the seizures are rather
brief, and patients may not do due to distraction by the
seizures. Therefore, it may not execute suitable to call the
symptoms of NMS apraxia currently. In addition, the clin-
ical findings of apraxia are usually described in patients
with chronic lesion or degenerative disorders where the
compensatory restorative network system is fully
employed. By contrast, in the case of symptoms of NMS,
ictal activity arising from NMA can be localized at NMA
or can spread to the adjacent or remote area as a dynamic
ictal activity, and thus a compensatory or a modifying
mechanism occurring in chronic diseases is unlikely to be
present. Namely, apraxia during seizures (ictal apraxia), if
present, would manifest differently than in one with
chronic diseases. Therefore, the possibility that the symp-
toms in NMS arising from NMA are defined as apraxia
could not be completely excluded. The same situation is
also considered in the NMR elicited by cortical stimula-
tion of short duration such as 5 s.

Akinesia is characterized by poverty and slowness of
initiation and execution of willed and associated move-
ments, and difficulty in changing one motor pattern to
another, in the absence of paralysis (Lakke, 1981). It is
usually examined by the degree of delay in the time
needed to initiate a movement, as a reaction time, being
regarded as an impairment of the latter phase of program
of voluntary movements by the basal ganglia and its
related cortical networks (Watson et al.,, 1992; Imai,
1996). Narabayashi (1980) described three types of akine-
sia: akinesia due to marked rigidity of muscles, lack of
movement initiation without rigidity due to striatal dopa-
mine deficiency, and freezing or festination in quick repet-
itive movements due to impairment of rhythm formation.
Arrest of motion and vocalization in the present three
patients might represent akinesia at least, since it is
defined without weakness. However, all types of akinesia
in the previous definition are related to dysfunction of the
basal ganglia system and its relevant central nervous sys-
tem (CNS) structures. Furthermore, symptoms of NMS
and NMR (i.e., arrest of ongoing voluntary movements)
develop in several seconds immediately after seizure onset
and after starting cortical stimulation, respectively, but
they are not the problem at the beginning like akinesia.
For these two reasons, by definition, akinesia would not
be appropriate to describe the symptoms of NMS. Based
on the preceding discussion, it is most likely that the
patients’ symptoms, that is, arrest of motion and vocaliza-
tion, are best defined as NMS, because there are many
commonalities to the NMR.

With regard to ictal speech arrest versus aphasia, inabil-
ity to speak could occur as epileptic events while the
consciousness is preserved, and it is explained by motor
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aphasia (ictal aphasia) (Hamilton & Matthews, 1979) or
symptoms of NMS. All three patients had speech arrest,
and at least two patients had arrest or slowness of tongue
movements. Their comprehension was apparently pre-
served, and thus their speech arrest might be interpreted as
simply arrest of motion or buccofacial apraxia (De Renzi
et al., 1966). Because it is known that buccofacial apraxia
and aphasia occur together (De Renzi et al., 1966; Kertesz
& Hooper, 1982), it is possible that they occurred in our
patients together. However, since the seizure focus was
very limited in the several electrodes when Patients 1 and
2 had those symptoms and since the possible epileptogenic
area in Patient 3 was also small as revealed by T,-
weighted image, it is unlikely that our patients had both
buccofacial apraxia and aphasia, but just so-called arrest
of motion, similar to NMR elicited by cortical stimulation.
As discussed previously, because buccofacial apraxia was
described in patients with chronic diseases, the symptoms
in NMS may not be identical to buccofacial apraxia, and
thus it is best to describe this ictal symptom as NMS at this
time.

Location and function of NMA

Liiders et al. (1995) described the two distinct areas that
produced NMR with cortical electric stimulation, that is,
supplementary NMA (SNMA) and primary NMA
(PNMA). SNMA was located in the rostral part of or ros-
tral to the SMA proper, and thus at least partly it corre-
sponded to pre-SMA in humans. PNMA was located in
the posterior part of the inferior fontal gyrus, just rostral to
the precentral sulcus, and thus it would be a part of the area
44 in the Brodmann’s map.

In addition to those two areas, NMA was also described
rostral to the precentral sulcus along it, such as in the mid-
dle frontal gyrus, and even in the lateral convexity of the
superior frontal gyrus (Nii et al., 1996; Mikuni et al.,
2006). In the present study, Patient 1 had ictal discharges
on the mesial frontal cortex just along the line on the ante-
rior commissure vertical to AC-PC line (VAC) and spread
to the posterior part, but its anterior part was completely
occupied by the tumor, and thus the pre-SMA could be
dislocated posterior to it. In Patient 2, five electrodes of
NMA were located in the superior frontal gyrus, but
the most lateral and posterior one (A7) was located just
1-2 cm anterior to the positive motor area of the hand as
shown in Fig. 2. Because the cystic lesion was present
beneath or directly adjacent to the area (A7 in Fig. 6), the
normal somatotopy should be distorted, and thus it is
likely that the lateral NMA in Patient 2 (A7, A8 in Fig. 6)
was identified as ones along the precentral sulcus in the
high, lateral convexity as shown previously, being inde-
pendent of pre-SMA (Nii et al., 1996; Mikuni et al., 2006).
In Patient 3, since EEG and MRI both suggested abnor-
mality in the vertex area, the symptoms were interpreted
as the dysfunction of the pre-SMA.
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In the recent cytoarchitectural study in animals, Matelli
et al. (1991) labeled the rostral SMA as F6, which receives
connection from the thalamic inputs (from the nucleus
ventralis anterior and pars parvocellularis), F5 (area 44),
and various prefrontal regions. F6 lacks corticospinal
pathways, and those features are totally different from the
caudal part of the SMA (F3 in monkeys and SMA proper
in humans). F5 was defined in area 44 in the lateral frontal
cortex, and it shares features similar to FF3. Abundant con-
nections from F5 to F3 have been described (Rizzolatti
et al., 1988; Rizzolatti & Craighero, 2004). Because NMA
is one of the most important generators of Bereitschaftspo-
tentials (BPs) (Yazawa et al., 2000; Ikeda, 2003; Ikeda &
Shibasaki, 2003; Kunieda et al., 2004), it is probably
employed for the organization and integration of fine
motor movements, and thus the activation of this area by
high-frequency electric stimulation would produce
impairment of fine movements (called “apraxia” by
Liiders et al.,1995).

NMS versus NMR

A direct comparison between NMS in ictal semiology
and NMR in cortical stimulation in the same patient was
very difficult in the clinical documentation. In Patient 1,
extensive cortical stimulation was not possible due to sei-
zure induction; in Patient 2, NMS was too brief to be
examined in detail during video-EEG monitoring. Never-
theless, as shown in the result, ictal semiologies
commonly observed, at least in the two patients, are
listed in the order of appearance, as (1) indescribable or
ill-localized aura, (2) repetitive involuntary vocalization,
(3) inability to speak, (4) inability to move the extremi-
ties, and (5) subsequent evolution to positive motor
seizures. Awareness and comprehension were preserved
throughout the episode before generalized seizures
(Table 1). Those ictal semiologies fit well the results of
cortical functional mapping made by high-frequency
electric cortical stimulation including NMR. A similar,
but a rather inverse sequence of ictal semiology was also
reported in a patient having the mesial frontal lesion
with scalp EEG and polygraphic analysis (Meletti et al.,
2003).

Repetitive vocalization is often produced by high-
frequency cortical stimulation in the face area in the SMA
proper (Lim et al., 1994), that is, the rostral part of the
SMA proper. In Patient 1, the initial ictal activity started
in the mesial frontal area (A2) along the VAC line. A simi-
lar interpretation is also possible in Patient 3, even though
she did not undergo invasive EEG monitoring. Because
the SNMA is usually located anterior to the SMA proper,
that is, anterior to the VAC line, it is conceivable that once
ictal activity starts in the rostral part of the SMA proper, it
then spreads further into the anterior part (pre-SMA or
SNMA). In Patient 3, at the beginning of the seizures the
patient had involuntary repetitive vocalization, followed



by inability to speak out and mild awkward movements of
the right hand.

NMS versus ictal paresis

Focal seizures with ictal paresis or paralysis of one or
more parts of the body were called focal akinetic seizures
by Noachtar and Liiders, who discussed the area responsi-
ble as being in the NMA (Noachtar & Liiders, 1999).
Focal akinetic seizures belongs to “‘inhibitory motor sei-
zures” among focal motor seizures in the proposed inter-
national classification of epilepsy and seizures in 2001 as
well as in the Report of the International League Against
Epilepsy (ILAE) Classification Core Group (Engel, 2001,
2006). Recent reports have showed that focal inhibitory
seizures were also associated with ictal activity in the
primary motor and somatosensory cortices (Abou-Khalil
et al., 1995; Matsumoto et al., 2005), that is entirely differ-
ent from arrest of motion reported in the present study.
The present study clearly showed that NMA is an area
responsible for seizures manifesting ictal arrest of motion
and vocalization, and thus we want to call it NMS, follow-
ing the term of NMA.

In Patient 3, very mild weakness in the proximal part
was observed in the right stretched hand during bilateral
hand raising test, although not in all the seizures, but the
tonus of the upper extremities was normal. It remains
unresolved whether it was also explained by the ictal
activity in the rostral SMA. Recently, Rubboli et al.
(2006) described a so-called pure silent period in the con-
tralateral deltoid muscle in the outstretched hand posture,
producing clinically small jerks or loss of muscle tone
when they stimulated the SMA with a single electric
pulse stimulation of 1 Hz, like in the case of a part of pri-
mary sensorimotor cortex (Ikeda et al., 2000), but they
did not observe motor evoked potentials or speech inter-
ruption. This may provide some clues that SMA can elicit
contralateral, proximal weakness as seen in Patient 3, in
addition to NMS from NMA. Because the number of
patients was limited in the present study, it still remains
to be established whether seizures from NMA also mani-
fest focal ictal paresis in addition to NMS.

Rare incidence of NMS

In two patients (Patients 1 and 2), positive motor sei-
zures subsequently occurred following NMS, and the two
patients had a history of GTCS. Because these patients
had frontal lobe epilepsy, it is very likely that ictal activity
can spread easily to nonprimary and primary motor cortic-
es, resulting in positive motor seizures, and subsequently
GTCS.

NMS has rarely been described by video-EEG monitor-
ing, although suspicious situations were documented in
the literature before the development of video-EEG moni-
toring (Penfield & Jasper, 1954). NMS has never been pre-
cisely documented by invasive recording previously. It is

probably because even though NMS occurred, the patient
would not recognize it unless he allows himself to do vol-
untary movements during this period, as in the case of
NMR with high-frequency stimulation. Furthermore, once
the ictal activity responsible for NMS spreads into the
adjacent nonprimary or primary motor cortices, the posi-
tive motor symptoms would obscure NMS. Although ictal
activity that elicits positive motor seizures can spread into
the NMA, the symptoms of NMS could be hidden by posi-
tive motor symptoms, or arrest of motion could not be
tested because the consciousness is disturbed. The patients
are not cooperative due to anxiety, or arrest of motion
could be misinterpreted as a postictal exhausted condition.

In conclusion, when ictal activity arises from the NMA
of either mesial or lateral frontal cortices, arrest of motion
and vocalization occur, even though the patient is aware
and comprehension is preserved, and thus it is called
NMS. Clear weakness or decreased muscle tonus is not
present, but very slight proximal weakness may be associ-
ated, which would reflect one of the functions of the NMA
as well. Since focal ictal activity within the NMA could
quickly spread to the adjacent primary or nonprimary
motor cortices, elicited positive motor symptoms can
obscure NMS. The symptoms of NMS may reflect ictal
apraxia in an acute dynamic state of ictus, but this requires
further investigation.
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Cortical microinfarcts in Alzheimer’s disease and subcortical

vascular dementia

Yoko Okamoto?, Masafumi lhara®, Youshi Fujita®, Hidefumi lio®
Ryosuke Takahashi® and Hidekazu Tomimoto®

Cortical microinfarcts are reported in Alzheimer's disease,
but not in subcortical vascular dementia; the disease
specificity of cortical microinfarcts therefore remains
unclear. The distribution of cortical microinfarcts in
Alzheimer’s disease (n=8) and subcortical vascular
dementia (n=6) was analyzed. Cortical microinfarcts were
frequently detected in Alzheimer’s disease, whereas they
were rarely observed in subcortical vascular dementia. In
Alzheimer’s disease, cortical microinfarcts were present
predominantly in the occipital lobe, the area of predilection
for amyloid angiopathy, and also in the vascular
borderzone. Cortical microinfarcts were invariably located
very close to amyloid B-deposited vessels with intercellular
adhesion molecule-1 expression. These results indicate
that cortical microinfarcts are caused by the

Introduction

Recently, an increasing body of evidence has indicated
that vascular risk factors, such as hypertension and
diabetes mellitus have a pivotal role in the pathogenesis
of Alzheimer’s disease [1]. Accordingly, the Nun study
has shown that the risk of dementia increases more than
20 times in Alzheimer’s disease, if the patients have foci
of cerebral infarctions [2]. Cortical microinfarcts were
predominantly observed in the vascular borderzone of
Alzheimer’s disease brains [3], and were found to be a
strong determinant for dementia, in a manner comparable
with the neuropathological hallmarks that determine
Alzheimer’s disease [4-6].

The pathoetiology and disease specificity of cortical
microinfarcts remain elusive. It is unclear whether cortical
microinfarcts are present exclusively in Alzheimer’s disease
brains, or are associated with hypertensive small-vessel
disease. In this study, we compared the distribution of
cortical microinfarcts in Alzheimer’s disease and subcortical
vascular dementia, focusing especially on their spatial
correlation with amyloid angiopathy.

Materials and methods

Human tissue

Two hundred and seventy autopsied brains were obtained
from the Kyoto University Hospital and its affiliated
hospitals from 1988 to 2007 through a process approved
by an institutional research committee. Among the 270
brains, there included 13 Alzheimer’s disease brains and six
subcortical vascular dementia brains. We excluded five
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Alzheimer’s disease brains because of concomitant macro-
scopic cerebral infarctions. We examined the remaining
eight Alzheimer’s disease brains (mean xSEM: 79+ 4
years old) and six subcortical vascular dementia brains
(mean + SEM: 77 =+ 5 years old). These Alzheimer’s disease
and subcortical vascular dementia patients met the
diagnostic criteria for dementia (Dugnostic and Statistical
Manual of Mental Disorders, fourth edition) [7]. The diagnosis
of Alzheimer’s disease was based on the Consortium to
Establish a Registry for Alzheimer’s Disease diagnostic
neuropathologic criteria [8], and the Braak and Braak
neuropathological staging of Alzheimer-related changes [9].

The diagnosis of subcortical vascular dementia was made
clinicopathologically to meet the criteria of: (i) the
presence of bilateral diffuse subcortical lesions, (ii) lacunar
infarctions in the perforator territory, (iii) arteriolosclerosis,
such as fibrohyalinosis and fibrinoid necrosis, and (iv) the
absence of cortical infarctions, and the clinical criteria
outlined by Bennett ¢ @/ [10]. Cases with significant
pathological halimarks of Alzheimer’s disease (senile
plaque Braak stage > B, neurofibrillary tangle Braak
stage > 11 [9]) were excluded.

Immunohistochemical staining

Tissue blocks obtained from the frontal, temporal,
parietal, and occipital lobes were embedded in paraffin.
Histological assessment was carried out with hema-
toxylin and eosin (H&E), Kliiver-Barrera, and modified
Bielschowsky staining. The rest of the blocks were used for
immunohistochemistry as described earlier [11]. The
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Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



primary antibodies consisted of: rabbit anti-glial fibrillary
acidic protein (GFAP) (diluted 1:200; Dako, Glostrup,
Denmark), mouse anti-human cluster of differentiation 68
(CD68) (1:100; Dako), mouse anti-amyloid B-protein
(1:100; Novocastra, Newcastle, UK), and mouse anti-
intercellular adhesion molecule-1 (ICAM-1) (1:100; Santa
Cruz Biotechnology, Santa Cruz, California, USA). For IgG,
horseradish peroxidase-labeled anti-human IgG (1:50;
Dako), and for actin, rhodamin-labeled phalloidin (1:200;
Invitrogen Corporation, Carlsbad, California, USA) were
used.

image analysis

Images of the histological slides were captured with a
digital camera (CAMEDIA C-7070; Olympus, Tokyo,
Japan) and scanned (Canon, CanoScan N1220U; Canon
Inc., Tokyo, Japan). In each slide, cortical areas were
outlined and the corresponding numbers of pixels were
counted using the Image] software package (National
Institute of Health; Bethesda, Maryland, USA).

Definition and count of cortical microinfarcts

Cortical microinfarcts had not been defined earlier, and
were therefore determined according to the following
criteria: a cortical lesion that was not noticeable until
examined microscopically and accompanied by a group
of astrocyte or microglia/macrophage proliferation. Histo-
logical changes likely to be expanded Virchow—Robin spaces,
microabscesses, or cortical laminar necrosis were excluded.

After measuring the number of microinfarcts and the
cortical area in each specimen, we calculated the number
of cortical microinfarcts (per cm®) infilerated by numer-
ous GFAP-positive astrocytes or CD68-positive microglia/
macrophages.

Fig. 1

Cortical microinfarcts in AD and SVD Okamoto et al. 991

The cerebral cortex was divided into five regions
according to the arterial supply of anterior, middle, and
posterior cerebral arteries, and their two borderzones
(anterior-middle and middle-posterior), based on the text
atlas [12]. The borderzone was defined as the area within
3cm apart from the proposed borderline [12], and the
number of microinfarcts was calculated similarly as
stated above. The distribution of microinfarcts was
further studied in terms of their topographic relationships
to the cortical layers and the cerebral convolutions. Briefly,
microinfarcts were classified into those distributed in layers
1-3 or 46, or altematively, into those located in the crown
part, the sulcal part, or the depth of the sulcal part.

The topographical relationship between AB-positive
vessels and microinfarcts was also assessed. Microinfarcts
were judged to adjoin AB-deposited vessels, if they were
localized within 1 mm of these vessels. Senile plaque load
was assessed with modified Bielschowsky staining in
the region containing each microinfarct. The severity of
senile plaque load was divided into four groups: those
with none, sparse, moderate, and frequent in accor-
dance with the Consortium to Establish a Registry for
Alzheimer’s Disease criteria [8].

Statistical analysis

Data were statistically analyzed using one-way analysis of
variance, followed by Bonferroni’s post-hoc test (Statview
version 5.0, SAS Institute, Cary, North Carolina, USA).

Resuits

All microinfarcts detected in H&E stains were invariably
accompanied by GFAP-positive astroglia. The mean
diameter of the microinfarcts was approximately 200 pm
(range 100-500). Cortical microinfarcts were found in all

Photomicrographs of cortical microinfarcts with {a-c) and without microglial activation (d—f). The upper panels (a~c) and lower panels (d—f) are
adjacent sections. Hematoxylin and eosin staining (a, d), immunohistochemistry for glial fibrillary acidic protein (GFAP; b, e), and cluster of

differentiation 68 (CD68,; c, f). Bars indicate 300 pm.
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eight Alzheimer’s disease brains and one of the six
subcortical vascular dementia brains, and were classified
into two groups: microinfarcts with or without infiltration
of CD68-positive microglia/macrophages (Fig. 1). The
lesions that had been infiltrated both by astroglia and
microglia/macrophages were considered to be relatively
recent infarcts. The lesions with astrogliosis, but without
CD68-positive microglia/macrophages, were considered to
be older. This is because both astroglia and microglia/
macrophages are activated in the acute stage of cerebral
infarction, but macrophages regress within several months.

In H&E stains, lesions accompanied by erythrocytes or
hemosiderin depositions were excluded. Furthermore,
Perls—Stieda staining was added to search for iron

Fig. 2

Photomicrographs of cortical microinfarcts (CMis) with immunohisto-
chemical staining for IgG (a, ¢) and Perls—Stieda staining to detect iron
depositions (b, d). Note IgG-positive astroglia (a) or iron deposits

(b, inset). (c) and (d) show CMls without lgG-positive glia or iron deposits,
respectively. Bars in (a) indicate 250 pm, and in (b-d) 200 pm.

deposits and IgG immunchistochemistry for serum
protein extravasation, so that microhemorrhagic lesions
could be ruled out. Only a minority (3%) of cortical
microlesions were accompanied by iron deposits or IgG-
positive astroglia, indicating that most microlesions are
not caused by hemorrhagic mechanisms (compare Fig. 2a
and c, and Fig. 2b and d).

The numerical densities of cortical microinfarcts with
GFAP-positive astroglia in Alzheimer’s disease were 0.45,
0.14, 0.43, and 1.08 (per cm?) in the frontal, temporal,
parietal, and occipital lobes, respectively. The densities
of cortical microinfarcts with CD68-positive microglia/
macrophages were 0.11, 0.04, 0.00, and 0.44, respectively,
in each lobe (Table 1 and Fig. 3a). In contrast, in
subcortical vascular dementia, the numerical densities of
cortical microinfarcts with GFAP-positive astroglia were
0.058, 0.015, 0, and 0, respectively, in each lobe (per sz)
(Table 1). Thus, cortical microinfarcts were frequent in
Alzheimer’s disease, but were rarely found in subcortical
vascular dementia.

In Alzheimer’s disease, there was a marginally significant
increase of microinfarcts with GFAP-positive astroglia in
the occipital lobe compared with the temporal lobe
(P=0.0511), whereas there was only an increased
tendency compared with the other lobes (occipital vs.
frontal, P = 0.1709; frontal vs. parietal, P = 0.9775; frontal
vs. temporal, P = 0.5118). In terms of the arterial supply,
the numerical densities of cortical microinfarcts with
GFAP-positive astroglia were 0.40, 0.19, 0.28, 0.66, and
1.47 (per cm?) in Alzheimer’s disease in the anterior,
middle, and posterior cerebral arteries, anterior-middle
cerebral arterial boderzone, and middle-posterior cerebral
arterial borderzone, respectively (Table 1 and Fig. 3b).
Most of the microinfarcts were distributed in the super-
ficial borderzones. In terms of cortical layers, the number
of microinfarcts with GFAP-positive astroglia was sig-
nificantly different between the superficial and the deep

Table 1 The distribution of microinfarcts in different cortical regions
Layer Convolution® AA Lobe (per 1cm?)® Vascular territory (per 1 cm?)° sp?
Number of cortical
microinfarcts 1-3  4-6 Cc s D (+) F T P O A A/M M M/P P N S M F
AD (n=8)
HE 40 9 25 1 23 26/49 028 008 020 044 0.16 037 0.07 082 0.0 0 13 19 17
GFAP 73 19 42 8 42 46/92 045 0.14 043 1.08 040 066 019 1.47 028 0 25 42 25
CcD68 15 5 10 0 10 16/20 0.11 004 0.00 044 0.07 0.21 0.02 068 0.00 v} 9 11 (o}
SVD (n=6)
HE 4 0 1 1 2  0/4(0%) 0.043 0015 © 0 0 0029 O 0 0028 4 [V} 0 0
GFAP 5 s} 2 1 2 0/5 (0%) 0.058 0.015 o o] 0 0048 O 0 0028 § (4} 0 0
CcD68 4 0 1 1 2 0/4(0%) 0.043 0.015 o} o] 0 0029 O 0 0028 4 (v} (o} 0

AA, amyloid angiopathy; +, the rate of AA-positive cortical microinfarcts; AD, Alzheimer's disease; HE, hematoxylin and eosin; GFAP, glial fibrillary acidic protein; CD68,
cluster of differentiation 68; SVD, subcortical vascular dementia.

“C, crown part; D, depth; S, sulcal part.

bF, frontal; O, occipital; P, parietal; T, temporal.

°A, A/M, M, M/P, P denotes anterior, middle, and posterior cerebral arteries, and their borderzones, respectively.

9F, frequent; M, moderate; N, none; S, sparse; SP, senile plaque.
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The density of cortical microinfarcts (CMis/ecm?) in each lobe (a) and vascular territories (b), and the number of CMis in cortical layers (c) and inside
the cerebral convolutions (d). ACA, MCA, PCA, A/M, M/P denote anterior, middle, and posterior cerebral arteries, and their borderzones,
respectively. CD68, cluster of differentiation 68; GFAP, glial fibrillary acidic protein.

layers of the Alzheimer’s disease brains (73 vs. 19,
respectively, P = 0.0080 by one-way analysis of variance)
(Table 1 and Fig. 3c). However, no trends were found in
terms of spatial distribution within the cerebral convolu-
tion (Table 1 and Fig. 3d).

AB-immunoreactive vessels were observed in six cases
of the eight Alzheimer’s disease brains, but not in six
subcortical vascular dementia brains. Interestingly, AB
deposition was predominantly in the vessels apposed to
microinfarcts (Fig. 4). Such vessels were tortuous or
double-barrel in shape. Half of the cortical microinfarcts
with GFAP-positive astroglia (46 out of the 92) were
localized less than | mm apart from AB-positive vessels.
ICAM-1 was preferentially expressed in the endothelial
cells and vessel walls surrounding microinfarcts (Fig. 5a
and b). Double labeling for ICAM-1 and actin showed
that the vessels around microinfarcts commonly express
ICAM-1 (Fig. 5c—¢). The number of microinfarcts was not
associated with senile plaque burden (Table 2).

Discussion
Sporadic cerebral amyloid angiopathy (CAA) is a state in
which AB deposits in the cerebral vessels, and has been

strongly related with the presence of dementia [13]. Thal
et al. [14,15] have reported two types of sporadic CAA:
capillary CAA and classical CAA. In capillary CAA, AP
deposits are present within capillaries; whereas in
classical CAA, AP initially deposits at the outer basement
membrane of the leptomeningeal and cortical arteries,
and then within their smooth muscle layer [14,15]. As
both the capillary and classical CAA pathologies were
present in most of the brains with Alzheimer’s disease,
furcher investigation is required to know which of the
two pathologies underlies cortical microinfarcts.

CAA is dormant during lifetime, whereas it leads to major
cerebral hemorrhage (approximately 5-20%) or infarct in
a subset of elderly patients [16]. As a facilitating factor,
the ApoE €2 and e4 alleles are related to a higher risk
for CAA or CAA-associated hemorrhage [14-16]. In this
study, the ApoE genotype was not assessed; therefore,
it remains unknown whether there is a relationship
between ApoE genotype and cortical microinfarcts in
Alzheimer’s disease.

The occipital lobe is most commonly and severely
affected in CAA [14-16]. In this study, GFAP-positive

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.
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Fig. 4

S

R

Photomicrographs of cortical microinfarcts with hematoxylin and eosin staining (a, ¢) and immunohistochemistry for AB (b, d). The upper panels
(a, b) and lower panels {c, d) are adjacent sections. Arrows indicate microinfarcts. Bars in (a~d) indicate 250 pm.

Fig. 5

Photomicrographs of immunohistochemistry for intercellular adhesion molecule-1 ICAM-1) (a—c), actin {d), and double labeling for ICAM-1 and actin
(e). Bars in (a), {(c—e) indicate 100 pm, and in (b) 200 pm.
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Table 2 The number of GFAP-positive or CD68-positive cortical
microinfarcts and their associations with senile plaque burden

SP
Total number
Cortical of cortical
microinfarcts  microinfarcts ~ None Sparse  Moderate Frequent
GFAP-positive 92 0 25 42 25
CD68-positive 20 0 9 ih [

CD68, cluster of differentiation 68; GFAP, dlial fibrillary acidic protein; SP, senile
plaque.

cortical microinfarcts were far more numerous in Alzheimer’s
disease compared with subcortical vascular dementia,
and showed occipital predominance (Table 1). In addi-
tion, microinfarcts were invariably located very close to
AB-deposited vessels with ICAM-1 expression and/or
severe morphological changes. In contrast, ICAM-1 was
rarely detected in the vessels without AP deposition and
those in quiescent conditions. A spatial association
between microinfarcts and 1CAM-1 positive vessels may
indicate activation of cell adhesion mechanism and
subsequent thrombosis because it is often upregulated
in inflammatory states, such as atherosclerosis [17].
In correspondence with these findings, occipital pre-
dominance has also been revealed in the distribution of
microbleeds, which are also attributed to CAA [18].

Microinfarcts were distributed not only in the occipital
lobe, but also in the superficial borderzone, in accordance
with the earlier study [3]. Predilection of microinfarcts
in the borderzone territory suggests that hypoperfusion in
these areas contributes to the pathogenesis of micro-
infarcts in addition to amyloid angiopathy. Borderzone
territory is irrigated with a decreased perfusion pressure
[19] and this may be a key factor in ameliorating AB
deposition [20,21]. Intriguingly, Weller ¢z /. [22] propose
that lymphatic drainage along capillary and artery plays a
significant role in drainage of AP from the brain, where
pulsatile movement of vessels acts as a driving force. AR
clearance along vascular walls might decrease as vessels
stiffen with age, thereby causing CAA. Therefore, the
observed predilection of microinfarcts may be at least
partially explained by the insufficient pulsatile movement
and augmented A deposition in the borderzone area.

In an earlier study, this group has reported cortical
microvascular changes in Alzheimer’s disease and their
absence in subcortical vascular dementia [11]. The
capillary densities in Alzheimer’s disease were signifi-
cantly decreased with various morphological changes,
such as tearing or narrowing of the cortical microvessels.
Furthermore, Stopa ¢f @/ [23] have reported that smooth
muscle actin is decreased in the arterioles even from
the early stages of Alzheimer’s disease. In contrast to the
medullary arteries, which consistently show arteriosclerotic
changes in the white matter, small vessel changes were

Cortical microinfarcts in AD and SVD Okamoto ef al. 995

rarely found in the cerebral cortices of subcortical vascular
dementia. Different patterns of small vessel changes in
topographical distribution may consequently explain the
clear distinction between Alzheimer’s disease and sub-
cortical vascular dementia in terms of cortical microinfarcts.

Conclusion

Cortical microinfarcts may be caused by the patho-
mechanism related to Alzheimer’s disease, most likely to
amyloid angiopathy.
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Attenuation of proteolysis-mediated cyclin E regulation by alternatively spliced

Parkin in human colorectal cancers
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Parkin has a critical role in the ubiguitin-proteasome system as an
E3-ligase targeting several substrates. Our recent finding that Pear-
lin-deficient mice are susceptible to twmorigenesis provided evi-
dence that Parkin is a tumor suppressor gene. Dysfunction of the
Parkin gene is frequently observed in various human cancers, but
the mechanism underlying the cell cycle disruption induced by
Parkin dysfunction that leads to carcinogenesis is not known.
Here, we demonstrated that Parkin expression in colonic epithelial
cells is regulated in a cell cycle-associated manner. Epidermal
growth factor (EGF) stimulation upregulated Parkin gene expres-
sion in human colon cells. Inhibition of the phosphoinositide 3-ki-
pase [PI(3)K]-Akt-dependent pathways suppressed growth factor-
induced Parkin expression. The expression of alternatively spliced
Parkin isoforms with various deletions spanning exons 3-6 was
detected in 18 of 43 (42%) human colorectal cancer tissues. Wild-
type Parkin induced the degradation of cyclin E protein, but the
alternatively spliced Parkin identified in colon cancers showed de-
fective proteolysis of cyclin E. These findings indicate that Parkin
expression is induced by growth factor stimulation and is involved
in the cefll cycle regulation of colon cells. Tumor-specific expres-
sion of alternatively spliced Parkin isoforms might contribute to
enhanced cell proliferation through the attenuation of proteolysis-
mediated cyclin E regulation in human colorectal cancers.

© 2009 UVICC

Key words: Parkin; colorectal cancer; cyclin E; cell cycle; EGF

Parkin functions in the ubiquitin-proteasome system as an E3
ligase, facilitating the ubiquitination of target proteins."’ Parkin
is developmentally regulated with induced expression durinfg cell
differentiation, and little to no expression in immature cells.” Sev-
eral putative candidate substrates of Parkin-mediated proteolysis
have been identified, including a-synphilin, «-synuclein interact-
ing protein, synphilin-1 and Pacl-R.>® Recently, it was revealed
that deficiency of Parkin potentiates the accumulation of cyclin E
protein in cultured postmitotic neurons exposed to the glutamater-
gic excitotoxin kainate, suggesting that the cell cycle regulator,
cyclin E, is a putative substrate of the Parkin ubiquitin ligase com-
plex in neurons.’ Since Parkin was first identified as a gene impli-
cated in autosomal recessive juvenile Parkinsonism, one form of
familial Parkinson disease,” attention has been focused on unveil-
ing the role of Parkin in neurons. The expression and regulation of
Parkin in epithelial cells as well as the role of Parkin in cell cycle
regulation, however, has not been clarified.

A loss of heterozygosity within chromosomal region 6¢q25-q27
containing the Parkin gene is fre%uently observed in various
buman tamors, including ovarian,” ! breast,' renal’® and lung
cancers.”*!* In addition, the Parkin gene is frequently deleted in
breast, ovarian and liver c;mcms."’“ﬁ We recently demonstrated
that Parkin-deficient mice lacking exon 3 of the Parkin gene
developed hepatocellular carcinoma, whereas Parkin™" mice were
newrologically normal with no obvious neuropathologic
changcs.’9 Further, the loss of Parkin expression contributes to the
overproliferation of hepatocytes leading to hepatomegaly, suggest-
ing a critical role for Parkin in the regulation of hepatocyte prolif-
eration.”” These observations suggest that Parkin has a role as a
aumor suppressor and may be involved in cell cycle regulation in
epithelial cells.

Publication of the infernational Union Against Cancer

Deregulation of the cell cycle, specifically the G1 and S phases,
is a hallmark of human cancers, and cyc/in E amplification and
overexpression are observed in various human cancers.”" One
thing to be noted is that cyclin E protein is accurnulated in the tu-
mor cells in a considerable proportion of colorectal cancers.” On
the basis of these observations, in the present study, we evaluated
the regulation of Parkin gene expression in association with cell
cycle regulation in colonic epithelial cells.

Material and methods
Cell culture and transfection

The human colorectal cancer cell lines, HT29, SW48 and kid-
ney-derived 293T cell lines were maintained in Dulbecco’s modi-
fied Eagle’s medium (Gibco-BRL, Tokyo, Japan) containing 10%
fetal bovine serum. The human colorectal cancer-derived LoVo
cells were cultured in Ham’s F12 (MP Biomedicals, Solon, OH)
containing 10% fetal bovine serum. Plasmid transfection was per-
formed using Lipofectamine 2000 (Invitrogen, Carlsbad, CA)
according to the manufacturer’s protocol.

Plasmids and reagenis

The expression plasmids pcDNA3-Parkin and pcDNA3-A-Par-
kin were described previously.® The expression plasmids
peDNA3-Akr and pcDNA3-Akt (AA), encoding the wild-type and
dominant negative mutants of buman Akr with substitution of
Thr308 and Ser473 by Ala,*” respectively, were made by inserting
the PCR-amplified ¢DNA fragment of human Akt sequences.
Recombinant human epidermal growth factor (EGF) and hepato-
cyte growth factor (HIGF) were obtained from Peprotech EC
(London, UK). Mitogen-activated protein kinase kinase (MEK) in-
bibitor PD98059 and phosphoinositide 3-kinase [PI(3)k] inhibitor
wortmannin were purchased from Promega (Madison, W1} and
Sigma Chemical (St. Louis, MO), respectively. MG132 was
obtained from Peptide Institute (Osaka, Japan). Small interference
RNA (siRNA) duplexes composed of 2l-nucleotide sense and
antisense strand used for targeting Parkin were obtained from
Invitrogen.

Additional Supporting Information may be found in the online version
of this article.

Abbreviations: cdk, cyclin-dependent Kinases; EGF, epidermal growth
factor; HGF, hepatocyte growth tactor; IBR, in-between Ring; MEK, mito-
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Ficuge 1 - Parkin expression is induced in response to EGF stimulation in colon cells. (@) SW48, LoVo and HT29 cells were freated with
human recombinant EGF (100 ng/ml) and total RNA was isolated 6 hr after EGF treatment. RT-PCR was performed using 1 pg of each RNA
sample as a template and oligonucleotide primers for buman Parkin (upper panel) and S-actin (lower panel). (b) Time-course changes of Parkin
mRNA expression after EGF stimulation. SW48 or HT29 cells were subjected to total RNA isolation immediately before and 6, 9, 12 and 18 hr
after treatment with EGF. Real-time RT-PCR was performed using FAM-labeled probes specific for human Parkin. (¢) SW48 or HT29 cells
wege freated with BGF (100 ng/ml) for 0, 8, 16 and 24 hr, followed by immunoblotting using anti-Parkin antibody (upper panel) or anti-B-actin
antibody (lower panel). (d) Dose-dependent effects of EGF on Parkin expression. Cell lysate was extracted from SW48 or HT29 cells 16 hr after
the treatment with various concentrations of EGF (0, 10 and 100 ng/ml). Immunoblotting was performed using anti-Parkin antibody (upper

panel) or anti-B-actin antibody (lower panel).

Quantitative real-time reverse transcription polymerase chain
reaction

For the RT reaction, total RNA was reverse-transcribed into
cDNA using the Superscript ITl first strand synthesis system (lnvi-
trogen).™ The oligonucleotide primers used in this study are
shown in Supplemental Table I. PCR amplification was performed
using Takara Ex Taq DNA polymerase (Takara, Tokyo, Fapan).
Quantification of gene expression was performed by quantitative
real-time RT-PCR using a 7300 Real-Time PCR system (PE
Applied Biosystems, Foster City, CA). To assess the quantity of
isolated RNA, as well as the efficiency of cDNA synthesis, target
cDNAs were normalized to the endogenous mRNA levels of the
housekeeping reference gene, /8s ribosomal RNA (18s rRNA).?
For simplicity, the expression levels of the target gene were
expressed relative to those of the control specimen.

Deteciion and subcloning of alternatively spliced Parkin

The oligonucleotide primers for Parkin were designed to
amplify the whole coding sequences of human Parkin gene
shown in Supplemental Table 1. All PCR products were ana-
lyzed by clecirophoresis in 1.2% agarose gels stained with ethi-
diam bromide. Subcloning of purified DNA was performed by
inserting the ¢cDNA fragment into the BamHI-EcoRI sites of
pecDNA3-Mye. >

Immunoblotting analysis

Protein samples were scparated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis 10% (w/v) polyacrylamide
gels and subjected to immunoblotiing analysis as described previ-
ously.** Polyclonal antibodies against human Parkin and Akt were
purchased from Chemicon International (CA) and Cell Signaling
Technology (Danvers, MA), respectively. Monoclonal antibodies
against cyclin E (E-4), c-Myc (9E10) and B-actin were purchased
from Santa Cruz Biotechnology (Santa Cruz, CA) and Sigma
Chemical, respectively.

Patients and tissue specimens

Colon cancer tissue specimens were obtained from 43 patients
treated between 2001 and 2004, at Kyoto University Hospital, as
defined by TNM classification criteria.”® Selection of patients en-
rolled in this stady was based on the availability of a sufficient
amount of tissue for analyses. The patients included 30 men and
13 women, with a mean % SD age of 65 =+ 11.9 years (range, 36—
82 years). All patients were treated by surgical resection of the
involved segment of the colon. No prospective adjuvant chemo-
therapy was performed initially in all cases. Tissue specimens
were frozen immediately in liquid nitrogen for RNA preparation,
and were also fixed in 10% formalin, embedded in paraffin and
subjected to histofogic analyses. The study was approved by the
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Kyoto University Graduate School and Faculty of Medicine Ethics
Committee, and informed consent was obtained from all patients.

Results
Growth factor signaling induced Parkin expression in
human colon cells

To gain insight into the role of Parkin in regulation of the cell
cycle, we first examined Parkin gene expression in association
with growth factor stimulation in cultured colon cells. First, we
examined the effect of EGF on the expression of Parkin tran-
scripts in several human colon cell lines. In unstimulated cells,
only a trace amount of Parkin transcript was detected. In contrast,
treatment of cells with EGF induced substantial Parkin expression
(Fig. 19). Quantitative RT-PCR analyses revealed that endogenous
Parkin expression in both HT29 and SW48 cells markedly
increased after EGF treatment, peaking 6 hr after treatment,
whereas expression of the internal control 185 rRNA transcripts
was unchanged (Fig. 15). Immunoblotting analysis using a specific
antibody against human Parkin revealed that EGF induced time-
dependent upregulation of Parkin protein in both cell lines, peak-
ing 16 br after treatment (Fig. 1c). Further, EGF stimulation
induced a dose-dependent increase in Parkin expression (Fig. 1d).
To examine whether growth factor stimulation generally enhances
Parkin expression in human colon cells, we further analyzed Par-
kin expression in cells treated with hepatocyte growth factor
(HGF). Parkin protein levels were markedly upregulated after
treatment with HGF (Fig. 2¢). Immunoblotting analyses revealed
that HGF treatment induced a dose-dependent increase in Parkin
expression with a maximum level obtained with 10 ng/ml in HT29
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cells and 100 ng/ml in SWA4R cells (Fig. 2b). Taken together, these
findings suggested that endogenous Parkin expression is induced
in response to growth factor stimulation in human colon cells.

EGF-induced Parkin expression was mediated by the
Akt signaling pathway

The finding that EGF induced Parkin expression in colon cells
led us to examine whether Parkin expression is mediated in a
PI(3)K-Akt- or mitogen-activated protein kinase (MAPK}-depend-
ent manner, because both of these pathways contribute to the
exprcssxon and regulation of various genes downstream of EGF slg—
naling.*” First, we examined EGF-mediated Parkin expression in
the presence of either a PI(3)K-Akt- or MAPK-inhibitor. Pretreat-
ment with the MEK-inhibitor PD98059 had little effect on the
expression of Parkin after EGF stimulation (Fig. 3¢, upper panel).
Ta contrast, the PI(3)K inhibitor wortmannin significantly attenuated
EGF-mediated Parkin upregulation in HT29 cells (Fig, 3a, lower
panel), suggesting that EGF-induced Parkin expression is mainly
regulated by the PI(3)K-Akt-dependent sxgna[mg pathway. To fur-
ther clarify whether Akt is involved in EGF-mediated Parkin
expression, we examined the effects of the wild-type or dominant-
negative form of Akt on Parkin expression. Quantitative RT-PCR
analyses revealed that endogenous Parkin transcription was upregu-
lated in colonic cells expressing wild-type Akz (Fig. 3b). Similarly,
Parkin protein expression levels were significantly upregulated in
the cells with wild-type Akz expression (Fig. 3¢). In contrast, EGF-
indaced Parkin protein expression was almost completely abolished
by co-production of the dominant-negative form of Akt (Fig. 3d).
Taken together, these findings suggest that the EGF-mediated
induction of Parkin expression in human colon cells is mainly
achieved through the PI(3)K-Akt-signaling pathway.

Parkin induced proteolytic degradation of cyclin E protein
in colon cells

To determine whether growth factor-mediated Parkin expres-
sion is involved in cell cycle regulation in colonic epithelial cells,
we cxamined the expression levels of cyclin E protein in associa-
tion with Parkin expression, because cyclin E is a putative sub-
strate of Parkin-mediated proteasomal degradation in neurons.”
Immunoblotting analyses revealed that cyclin E protein expression
in HT29 cells increased in response to EGF treatment, and peaked
18 br after stimulation. At 20 hr after EGF stimulation, when
EGF-mediated Parkin protein expression was at its peak, the
expression levels of cyclin E protein were substantially reduced
(Fig. 4a). Scanning densitometry analysis using the LAS-3000
imaging system (FujiFilm, Tokyo, Japan) revealed a more than 2-
fold increase in the relative amount of Parkin after EGF stimula-
tion. To examine whether Parkin degrades cyclm E in colon cells,
HT29 cells were transfected with expression plasmid zncodlmr
wild-type Parkin or defective Parkir lacking E3 activity. 2 we ﬁrst
confirmed that the expression of the wild-type Parkin resulted in
little change in the cyclin E mRNA expression levels in HT29
cells (Fig. 4b). In contrast, immunoblotting analyses revealed that
expression levels of endogenous cyclin E protein were signifi-
cantly reduced in the presence of wild-type Parkin, whereas defec-
tive Parkin had no effect on the expression levels of cyclin E pro-
tein (Fig. 4¢). We also confirmed that the Parkin-mediated reduc-
tion of cyclin E protein expression was reversed by treatment with
a proteasome inhibitor (Fig. 44). Similarly, the downregulation of
cyclin E protein in association with EGF-mediated Parkin expres-
sion was suppressed in cells treated with a proteasome inhibitor
(Fig. 4¢). Immunoprecipitation assay revealed that the. pretreat-
ment of cells expressing Parkin with the proteosome inhibitor
MG132 accelerated the ubiquitinaiton of cyclin E in these cells
when compared with control cells, suggesting that cyclin E
becomes a target of Parkin E3 ubiquitin ligase in colonic cells.
(Supplemental Fig. 1). To clarify whether the reduction of cyclin
E protein levels in the late phase of EGF stimulation was due to
the upregulated Parkin protein, we knocked down the endogenous
Parkin protein by transfecting a Parkin-specific siRNA and
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assessed the time-course changes of the cyclin E protein expres-
sion in the colon cells. Knockdown of endogenous Parkin by
siRNA resulted in the consistent upregulation of cyclin E protein
after the treatment with EGF (Fig. 4/). These findings suggest that
Parkin contributes to the proteolytic degradation of cyclin E pro-
tein in human colon cells..

Alternative splicing isoforms of Parkin with loss of cyclin E prote-
olysis were dominantly expressed in human colorecial cancers

The findings that EGF stimulation induced Parkin expression
followed by the degradation of cyclin E protein suggested that
Parkin exerts negative feedback regulation of proliferation sig-
naling in epithelial cells. To clarify the functional significance
of the Parkin defect in tumorigenesis, we investigated the
expression profiles of Parkin in clinical specimens of human
colorectal cancer tissues. To amplify the Parkin transeript, we
designed a primer set spanning all of the exons of the Parkin
gene. First, we confirmed that the signal amplified by this primer
set corresponded to the expected size in normal colonic tissues.
In contrast, 18 of 43 (42%) human colorectal cancers predomi-
nantly expressed Porkin transcripts that were smaller than
expected (Fig. Sa). To determine the internal structure of these
products, all amplified fragments were subcloned for further
sequence analyses. All signals with a smaller sequence size cor-
responded to the Parkin transcript with the deletion of several
exons spanning from exon 3 to exon 6 (Fig. 5b), indicating that
aberrant and alternative splicing of the Parkin gene occurs in
human colorectal cancers. In support of the results obtained
from the analyses on human clinical specimens, we found pre-
dominant expression of alternatively spliced Parkin in DLD1
colon cancer cells in vitro (Supplemental Fig. 2). DLD1 cells
expressed a Parkin transcript lacking exons 3 to 5 and exons 7
and 8, while HT29 colon cancer cells expressed wild-type Par-
kin predominantly. Immunoblotting confirmed the expression of
the altematively spliced Parkin in the lysate of DLD1 cells.

To determine whether the tumor-specific isoforms of alterna-
tively spliced Parkin are involved in cell cycle deregulation, we
examined whether splicing variants of Parkin expressed in human

Ficurre 4 - Parkin expression triggers proteolysis of cyclin E pro-
tein in colon cells. («) Time-course changes of the Parkin and cyclin E
protein expression after EGF stimulation. HT29 cells were treated
with EGF (100 ng/ml) at the indicated time points. Cell lysate was
extracted and subjected to immunoblotting using anti-Parkin (upper
panel), anti-cyclin E (middle panel) or anti-B-actin (lower panel) anti-
bodies. Quantification of the results of Westermn blotiing was carried
out by scanning densitometry analysis using the LAS-3000 imaging
system. (b,c) 293T cells were transfected with the expression plasmids
encoding wild-type buman Parkin, mutant Parkin lacking exon 3-4
(A-Parkin) or control vectors. (b) Total RNA extracted from the cells
transfected with control vector (CTR) or wild-type Parkin expression
plasmid was subjected to semiquantitative RT-PCR analyses using
primers specific for Parkin (upper panel), cyclin B (middle panel) or
8-actin (lower panel). (c) Lysates were also prepared from the trans-
fected cells and immunoblotting was performed using anti-Parkin
(upper panel), anti-cyclin E (middle panel) or anti-B-actin (lower
panel) antibodies. (dy HT29 cells were treated with a proteasome in-
hibitor MG132 (10 pM) for 1 hr, followed by the transfection with
expression plasmid encoding the wild-typeParkin. Immunoblotting

was performed using anti-Parkin (upper paoel), anti-cyclin E (middle
panel) or anti-B-actin (fower panel) antibodies. (e) HT29 cells were
treated with EGF for 22 hr in the presence or absence of MG132 (10
pM). Endogenous Parkin, cyclin E and B-actin protein expression was
detected by immunoblotting analyses using anti-Parkin (upper panel),
anti-cyclin E (middle panel) or anti-B-actin (lower panel) antibodies.
() SW48 cells were transfected with siRNA targeting Parkin
(siParkin) or control {CTR) siRNA for 24 hr, followed by treatment.
with EGF (100 ng/ml) for the additional indicated times. The cell
lysates were subjected to immunoblot analyses to determine the pro-
tein production levels of anti-Parkin {upper panel), anti-cyclin B
(middle panel) or anti-B-actin (lower panel).
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Figure 5 - Altematively spliced isoforms of Parkin transcripts
were expressed in human colorectal cancers. (4) Total RNA was
extracted from tumor {T) or non-tumorous {NT) regions of the colon
tissues of patients with colorectal cancers. Parkin transcripts were
determined by RT-PCR using primer sets for the amplification of full-
length Parkin mRNA. Representative results of the gel elecirophoresis
of the amplified fragments from S patients with colorectal cancers are
shown (case #A-#E). Black arrowhead indicates the fragment size of
1500 bp, corresponding to whole Parkin sequences of the expected
size. Shorter fragments derived from Parkin amplification are indi-
cated with white arrowheads. (&) Schematic presentation of alterna-
tively spliced isoforms of Parkin expressed in colorectal cancers. The
values in the schema indicate the exon number of the human Parkin
gene. UBL, ubiquitin-like; UPD, unique Parkin domain; RING, really
nteresting new gene; IBR, in-between Ring; n = number of cases. (c)
Alternative spliced Parkin proteins lacked proteolytic activity for
cyclin E protein, 293T cells were transfected with expression plasmid
encoding wild-type Parkin (Wt), various alternatively spliced isoforms
of Parkin subcloned from the colon of cancer patients or a control
vector (CTR). Cell lysates were prepared and subjected to immuno-
blotting using anti-myc {upper panel), anti-cyclin B (middle panely or
anti-B-actin (lower panel) antibodies. Quantification of the results of
Western blotting was carried out by scanning densitometry analysis.

colorectal cancer tissues were capable of inducing the proteolytic
degradation of the cyclin E protein in vitro. We subcloned repre-
sentative alternative splicing isoforms of Parkin from colorectal
cancer tissues and constructed expression plasmids encoding the
tumor-specific Parkin variants, including those lacking exons 3-4,
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exons 3-3 and exons 3-6. We confirmed that the induction of
wild-type Parkin reduaced endogenous cyclin E protein expression.
In contrast, there were slight upregulation in the expression levels
of cyclin E protein in cells expressing any of the tumor-specific
splicing isoforins of Parkin examined (Fig. 5c). In addition, we
found that immunorcactivity for Ki67 in cells expressing Parkin
splicing variants was substantially stronger than in cells express-
ing wild-type Parkin (Supplemental Fig. 3). These findings indi-
cate that the alternative splicing of the Paerkin gene might contrib-
ute to the accumulation of cyelin E protein, leading to the deregu-
lation of cell- cycle progression in colorectal cancers.

Discussion

Parkin is an E3 ubiquitin ligase that belongs to the RING-finger
family. Cyclin E may be a putative Parkin substrate.” In contrast to
the intensive research of Parkin in neurons, little is known about the
transcriptional regalation of Parkin in human epithelial cells or the
role of Parkin in cell cycle regulation. We, recently, reported that
Parkin-deficient mice lacking exon 3 of the Parkin gene are suscep-
tible to liver carcinogenesis, prov iding the first evidence that Parkin
is a tumor suppressor gene.” Consistent with our findings, a high
frequency of loss of heterozygosity or deletions spanm’n‘g the Par-
kin gene has been detected in various human cancers.”™® In the
present study, we demonstrated that Parkin expression is induced in
response to growth signaling, and is involved in the proteolytic deg-
radation of cyclin E protein in colonic epithelial cells.

EGF is implicated in the growth regulation of a variety of epi-
thelial cells.”” Enhanced EGF signaling is involved in the pathoge-
nesis and progression of various uman cancers.”? Of note, fre-
quent overexpression of EGF receptors is observed in human col-
orectal cancer cells, and therefore, EGF signaling pathways have
emerged as promising targets for anticancer therapy in the treat-
ment of colorectal cancers.**! The present findings suggested
that the downregulation of cyclin E protein in the late phase of
EGF stimulation was attributable to the upregulation of Parkin in
colon cells. These findings support the possibility that Parkin may
be involved in a negative feedback regulation of the EGF-medi-
ated proliferation signaling in colonic cells.

The Parkin gene contains 12 exons and is transcribed into a 457
amino acid protein. Functional domains within the Parkin protein
mclude an amino-terminal ubiquitin-like (UBL) domain and the
cysteine-rich unique Parkin domain (UPD) followed by 2 really
interesting new gene (RING) fingers.*> We identified various
alternatively spliced isoforms of Parkin in human colorectal can-
cers. Alternative splicing of Parkin in colorectal cancers resulted
in the loss of various exons spanning exon 3 to exon 6, the region
corresponding to the UPD. Notably, these altematively spliced
isoforms were defective in their ability to induce proteolytic deg-
radation of cyclin E protein. Interestingly, point mutations of the
Parkin gene in autosomal recessive juvenile Parkinsonism Patients
were clustered in the UBL, UPD and RING-finger motifs.** Thus,
our findings support the idea that all of the structural elements,
including UPD, are essential for the functional integrity of Parkin.

Alternative splicing is a biologic event whereby identical precur-
sor mRNA is spliced in different ways, contributing to the genera-
tion of protein diversity. Altemative splicing is a widely observed
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phenomenon in the developmental process under physiologic con-
ditions. > Recent studies suggest that alternative splicing is cra-
cially linked to the development of cancer.*! Indeed, many cancer-
specific isoforms of tamor-refated genes produced by altemative
splicing have been identified in several buman turgors.”™ " The
most studied altematively spliced gene in cancers might be CD44,
in which inclugion of variable exons correlates with tumor develop-
ment and metastasis.>® It was shown that phosphorylation of the nu-
clear RNA binding protein Sam68 activated by growth signaling
regulates alternative splicing of variable exon 5 of the CD44 gene
in lymphoma cells. ""The findings of the present study indicated
that various alternative splicing isoforms of the Parkin gene were
dominantly expressed in a considerable number of human colorec-
tal cancers. The molecular mechanisms responsible for the produc-
tion of different splicing variants, however, is unclear, but cancer-
specific changes in the splicing pattern have been reported in vari-
ous genes without mutations in cis-acting splicing elements, sug-
gesting that aliernative splicing in tumor tissues may be due to
changes in the trans-acting splicing regulators.*

The interaction of transiently expressed cyclins with cyclin-
dependent kinases (CDK) permits cell cycle progression. Cyclin
E, an activator of Cdk2, is a G, cyclin necessary for the transi-
tion from the G, to S phase of the normal cell cyele.”® Cyclin B-
CDK2 activity is regulated during the cell cycle and peaks
around the time of S-phase entry.”*" This periodicity results
from changes in cyclin E abundance, and cyclin E levels are nor-
mally tightly regulated so that peak cyclin E~Cdk2 kinase activ-
ity occurs only for a short time near the G1/S boundary.*!
Cyclin E abundance is regulated by E2F-dependent cyclin E
transcription and cyclin E degradation is regulated by the ubig-
uitin-proteasome system. Cyclin E overexpression, however, is
observed in a broad spectrum of human malignancies, including
colorectal cancer, saggesting that proper regulation of cyelin B
is important for the preservation of normal cellular functions. ™
Indeed, overexpression of the cyclin E protein has been linked
to shortenin% of the G; phase of the cell cycle,* enhanced cell
proliferation®® and induction of chromosomal instability.**%
Our present findings revealed that human colorectal cancers
expressed various Parkin isoforms that lack the ability to de-
grade cyclin E protein. We also confirmed that the expression of
the alternatively spliced variants of Parkin identified in the tm-
mor tissues resulted in the accumulation of cyclin E protein in
the cultured colon cells.

In conclusion, the findings of the present study demonstrate that
Parkin is transcriptionally regulated in a growth factor stimula-
tion-dependent manner and is involved in the regulation of cyclin
E expression, and suggest that alternative splicing of the Parkin
gene contributes to enhanced colon cell proliferation, leading to
the progression of colorectal cancers. Further analyses are
required to clarify the mechanism of tumor-specific altemative
splicing of Parkin and the prevalence of the Parkin isoforms that
lack cyclin E-proteolysis activity in other types of human cancers.
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