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CLINICAL STUDIES

EXPRESSIVE AND RECEPTIVE LANGUAGE AREAS
DETERMINED BY A NON-INVASIVE RELIABLE METHOD
USING FUNCTIONAL MAGNETIC RESONANCE
IMAGING AND MAGNETOENCEPHALOGRAPHY

OBJECTIVE: It is known that functional magnetic resonance imaging (fMRI) and mag-
netoencephalography (MEG) are sensitive to the frontal and temporal language function, -
respectively. Therefore, we established combined use of fMRI and MEG to make reliable
identification of the global language dominance in pathological brain conditions. ’
METHODS: We investigated 117 patients with brain lesions whose language domi-
nance was successfully confirmed by the Wada test. All patients were asked to gener- -

“ate verbs related to acoustically presented nouns (verb generatlon) for fMRI and to read

three-letter words for fMRI and MEG. -
RESULTS: fMR! typically showed promment activations in the inferior and middle fromal

8yri, whereas calculated dipoles on MEG typically clustered in the superior temporal

region and the fusiform gyrus of the dominant hemisphere. A total of 87 patients were
further analyzed using useful data from both the combined method and the Wada test.
Remarkably, we observed a 100% match of the combined method results with the
results of the Wada test, including two patients who showed expressnve and receptlve
language areas dissociated into bilateral hemispheres.

CONCLUSION: The results demonstrate that this non- -invasive and repeatable method
is not only highly réliable in determining language dominance, but can also locate the
expressive and receptive language areas separately. The method may be a potent alter
natjve to invasive procedures of the Wada test and useful in treatlng patients with brain -
lesions. , ‘

KEY WORDS Expressive language function, Funcuonal magnetic resonance lmagmg, Language dommance,
Magnetoencephalography, Receptive language functlon .
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able interest in neurology for more than a
century. Based on clinicopathological
studies, the “classical mode” of language organ-
ization consists of a frontal “expressive” area
for planning and executing speech and writing,
and a temporal “receptive” area for analysis
and identification of linguistic sensory stimuli.
This basic scheme of language functions has
generally been accepted, with the assumption
that both expressive and receptive functions
dominantly exist in the same hemispheric side.
The Wada test has been considered the most
reliable method to determine language domi-
nance. According to one of the largest studies
performed to date, 4 and 96% of right-handed

Brain asymmetries have been of consider-
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subjects with chronic epilepsy have speech
dominance in the right and left hemispheres,
respectively (3). Furthermore, several studies
suggested the possibility of atypical language
representation in patients with chronic epilep-
sy (20-30%) (9, 28). However, the procedure of
successive anesthetization of each hemisphere
by intracarotid injections of sodium amobar-
bital requires catheterization and irradiation.
Furthermore, the Wada test results can only
demonstrate a relative distribution of language
functions across the two hemispheres. More
detailed information on localization of speci-
fied language functions within a hemisphere is
important for understanding the language net-
works, as well as the treatment of brain lesions.
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The use of functional magnetic resonance imaging (fMRI)
has recently been developed to identify the hemisphere with
language dominance. Most language fMRI studies have
observed activations in the inferior frontal gyrus (IFG) and
middle frontal gyrus (MFG) using tasks such as word genera-
tion and categorization (16, 24, 29). Detection of the receptive
language area by fMRI has been reported to be more difficult
than that of the expressive language function, and the use of lis-
tening or sentence comprehension tasks has resulted in visual-
ization of only a few pixels in the temporoparietal region (8, 16,
25, 26). In addition, a fundamental limitation of an fMRI-based
brain mapping is the varying degrees of regional hemodynamic
responses under pathological brain conditions (7, 10, 15).
Therefore, a clinical interpretation of localized activations on
fMRI remains complicated and controversial.

Magnetoencephalography (MEG) reflects intracellular elec-
tric current flow in the brain and allows accurate localization
of the current dipole sources. Dipoles of MEG deflections that
peaked at approximately 400 milliseconds after word presen-
tation (late responses) have been observed to localize in the
temporoparietal regions. These late responses have been con-
sidered to be related to the receptive language function (19,
20). We have also observed dense dipole clusters of the seman-
tic late responses in the superior temporal gyrus (STG), supra-
marginal gyrus (SmG), and fusiform gyrus (FuG) of the sus-
pected dominant hemisphere (11, 12). Therefore, we sought to
use MEG not only as an additional diagnostic tool for identi-
fying the language dominance, but also to localize the recep-
tive language center.

In the present study, we describe a non-invasive method to
locate the expressive and receptive language areas by co-
utilizing fMRI and MEG. The language dominance determined
by our method matched the results from the Wada test with
100% accuracy. The usefulness of the method was well demon-
strated, especially in those patients who showed dissociated
expressive and receptive language functions. The data show
that this method is highly reliable and may be useful in the
management of patients with brain lesions as well as in study-
ing normal brain functions.

METHODS

Patients

The functional brain mapping using fMRI (with the verb gen-
eration task) and MEG was performed in 117 patients with brain
lesions since August 1999 (>7 yr) after this project was approved
by the Institutional Committee for Ethics (Table 1). fMRI studies
with the abstract/concrete (A/C) categorization task were also
performed in 106 patients. Ninety-seven patients also under-
went the Wada test to confirm the dominant cerebral hemisphere
for language functions. Six patients showed negative Wada test
results owing to the steal effect of a large arteriovenous malfor-
mation (AVM) or an overdose. The final analyses were per-
formed in 87 patients (48 men, 39 women), who underwent
Wada test, fMRI, and MEG investigations. The mean age (*
standard deviation) was 43.6 = 14.1 years. The Edinburgh
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Handedness Inventory was used to estimate the patients’ hand-
edness (18). A written informed consent was obtained from the
patient or his/her family before participation in the study.

Magnetic Resonance Protocols

Anatomic magnetic resonance imaging (MRI) and fMRI were
performed during the same session with a 1.5-T whole-body
magnetic resonance scanner with echo-planar capabilities and
a standard whole-head transmit-receiver coil (Siemens Vision,
Erlangen, Germany). During the procedures, foam cushions
were used to immobilize the head.

Language fMRI

The patients were instructed to respond to all language tasks
silently. fMRI data was acquired with a T2-weighted echo-
planar imaging sequence (echo time, 62 ms; repetition time,
114 ms; flip angle, 90 degrees; slice thickness, 4 mm; slice gap,
2 mm; field of view, 260 mm; matrix, 64 X 128; 14 slices). Each
fMRI session consisted of three dummy scan volumes fol-
lowed by three activation and four baseline (rest) periods.
During each period, five echo-planar imaging volumes were
collected, yielding a total of 38 imaging volumes and 2 min-
utes 32 seconds in measurement time for each session. fMRI
data of language-related semantic responses were acquired as
follows. All subjects were examined with two different lexical
semantic language paradigms; verb generation by listening to
nouns and A/C categorization by reading words. All words for
semantic tasks were selected from common Japanese words
listed in the electronic dictionary of the National Institute for
Japanese Language.

Verb Generation Task

For the auditory stimuli (duration ranges were between 400
and 600 ms), common concrete nouns spoken by a native
Japanese speaker with a flat intonation were recorded and
digitized with a sampling rate of 44,000 Hz. A backward play-
back of the sound files (reference sounds) was used to elimi-
nate the primary auditory activation during the rest periods
with the same inter-stimuli intervals (1600-2400 ms) as the
active periods. The auditory stimuli were delivered binau-
rally via two 5-m-long plastic tubes terminating at a head-
phone. The sound intensity was approximately 95 dB sound
pressure level at the subject’s ear. Subjects were instructed to,
silently generate a verb related to each presented noun during
the active periods and passively listen to the reference sounds
during the rest periods.

A/C Categorization Task

Visual stimuli were presented on a liquid crystal display mon-
itor with a mirror above the head coil allowing the patients to see
the stimuli. Words consisting of three Kana letters (Japanese
phonetic symbols) were presented in a 300-millisecond expo-
sure time with interstimuli intervals ranging from 2800 to 3200
milliseconds. Patients were instructed to categorize the pre-
sented word silently into “abstract” or “concrete” based on the
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TABLE 1. Summary of patients’ brain lesions types*

Chronic

Cavernous Cerebral

Glioma Epilepsy AVM Meningioma malformation ischemia Total
fMR! with VG + MEG 44 - 39 18 6 4 6 117
fMRI with A/C 41 34 15 6 4 6 106
Amytal test 42 29 16 6 4 o 97
Final analyses 39 26 12 6 4 0 87

categorization task.

4 AVM, arteriovenous malformation; fMRI, functional magnetic resonance imaging; VG, verb generation task; MEG, magnetoencephalography; A/C, abstract/concrete

nature of the word. During interval periods, patients passively
viewed random dots of destructured Kana letters that were
controlled to have the same luminance as the stimuli to elimi-
nate primary visual responses.

Before scanning, all patients had a brief practice time, and the
fMRI examinations were repeated for each task to confirm the
reproducibility. After data acquisition, a motion detection pro-
gram (MEDx; Medical Numerics, Sterling, VA) discarded fMRI
sessions containing motion artifacts exceeding 25% of the pixel
size. A Gaussian spatial filter (6 mm in half width) was applied,
and functional activation maps were calculated by estimating
the Z-scores between the rest and activation periods using Dr.
View (Asahi Kasei, Tokyo, Japan). Pixels with Z-scores higher
than 2.2 (P < 0.05) were considered to indicate real activation
and were used for mapping. Image distortion of fMRI was cor-
rected by maximizing the mutual information of the fMRI data
sets and three-dimensional T1-weighted MRI (3D-MRI) scans
of the patient’s brain (morphing compensation). The result
from each fMRI session was co-registered with the 3D-MRI by
the Affine transformation (5). After total number of the acti-
vated pixels in the IFG and MEG were automatically counted,
a patient was considered to have unilateral language domi-
nance when hemispheric pixels of one hemisphere counted less
than 70% of the other hemisphere. Otherwise, the language
dominance was considered bilateral.

Language MEG

The MEG signals were recorded with a 204-channel biomag-
netometer (VectorView; Neuromag, Helsinki, Finland) in a
magnetically shielded room. To confirm the reproducibility, we
acquired two data sets for each task by repeating the MEG
recording on two different days. One hundred fifty nouns con-
sisting of three Kana letters were visually presented with a 300-
millisecond exposure time with interstimuli intervals ranging
from 2800 to 3200 milliseconds. Patients were instructed to
judge whether or not the presented word was “abstract” or
“concrete” based on the nature of the word and to push a but-
ton with the index or middle finger (Kana reading task). Each
epoch consisted of a 500-millisecond prestimulus baseline and

a stimulus followed by a 1500-millisecond analysis period. -

Epochs with a reaction time exceeding 1200 milliseconds and
MEG examinations with a successful task performance less
than 70% were discarded.
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One hundred fifty epochs of the magnetic signals were aver-
aged and digitally filtered between 0.1 to 30 Hz. Significant MEG
deflections were visually identified based on the square root
mean fields of more than 10 sensors in the frontotemporal (FT)
or temporo-occipital (TO) regions. Locations and dipole
moments of equivalent current dipoles were calculated every 2
milliseconds from 250 to 600 milliseconds after the stimulus
onsets using the single equivalent dipole and sphere head mod-
els. Only those dipoles of which the measured and the calculated
field distributions showed a correlation value of more than 0.85
and confidence volumes less than 1000 mm? were used. To con-
firm the calculated results, the same MEG time sections were
analyzed using a current density map (low-resolution tomogra-
phy; LORETA, Curry, Neuroscan, and Compumedics USA, El
Paso, TX). The coordinates of the MEG system were transformed
into anatomic 3D-MRI scans by identifying external anatomic
fiduciary markers (nasion, left/right preauricular points), and
estimated dipoles were superimposed onto the 3D-MRI scans.

Dipoles located in the temporal region, including the STG,
MTG, SmG, and FuG, were manually counted. A patient was
considered to have unilateral language dominance when hemi-
spheric dipoles of one hemisphere counted less than 70% of the
other hemisphere. Otherwise, the language dominance was
considered bilateral.

'Determination of Language Dominance

using fMRI and MEG

On the basis of the results of language fMRI and MEG, we
determined language dominance for each patient. When the
semantic activation in one side of the IFG and MFG was wider
than that of the other side during the language fMRI tasks, a
patient was considered to have unilateral dominance for the
expressive language function. When one side of the temporal
region included more MEG dipoles than the other during the
language MEG task, we determined that a patient had lateral-
ity of the receptive language function.

The Wada Test

All patients received injections of amobarbital (100 mgina .
10% solution, Amytal; Eli Lilly and Co., Indianapolis, IN)
through a catheter placed in the internal carotid artery.
Language testing was performed during the observation period
of maximal amobarbital action as indicated by contralateral
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brachial plegia. Patients were given the following tasks in the

following order and up to four points were given, depending

on the severity of the language disturbance: 0, no response; 1,

meaningless utterance; 2, incorrect repetition or paraphasia; 3,

self-correction; and 4, unimpaired.

The tasks were as follows: .

1) Spontaneous counting. Patients were instructed to count,
starting immediately before the amobarbital administration
and continuously until the next task was given. If the patient
could continue to count even after brachial plegia appeared,
obvious speech arrest and no impairment indicate 0 and 4
points, respectively.

2) Letter reading. Patients were instructed to read aloud seven
words consisting of three or four Kana letters. The maxi-
mum score was 28 points (seven items X four points).

3) Naming. Patients were asked to name aloud the five objects
presented pictorially. The maximum score was 20 points
(five items X four points).

4) Auditory comprehension. Patients were asked to carry out
three simple tasks such as blinking eyes, opening the mouth,
and raising the unparalyzed arm. The maximum score was
12 points (three items X four points).

5) Pointing objects. Patients were shown a picture with a set of
four objects and were instructed to point to one chosen by
the investigator (e.g., “Point to the cat.”). The maximum
score was 16 points (four items X four points).
Performance in Tasks 1 and 3 were considered to reflect the

expressive language capabilities (maximum score, 24 points);

performance in Tasks 2, 4, and 5 reflected receptive language
functions (maximum score, 56 points).

RESULTS

Handedness and the Wada Test

Ninety-one patients (80 right-, eight left-, and three bilateral-
handers) successfully underwent the Wada test. Language
dominance was left, right, and bilateral hemispheres in 81, six,
and four patients, respectively. The language dominance of the
right-handed patients was left in 75 patients (93.8%), right in
two patients (2.5%), and bilateral in three patients (including
one patient with dissociated expression and receptive func-
tions [3.8%]), respectively. For left-handed patients, four
patients showed left and four showed right dominance. For
both-handed patients, two showed left dominance and one
bilateral (dissociated). These results were similar to those of
previous reports on language dominance (3, 4).

For further analysis, we subdivided the subjects into groups
with chronic epilepsy and with non-epilepsy. In the epilepsy
group (n = 29), left, right, and bilateral dominance was 24
(82.8%), three (10.3%), and two (6.9%), respectively. In the non-
epilepsy group (n = 62), left, right, and bilateral dominance
was 57 (91.6%), four (6.4%), and one (1.6%), respectively.

fMR! with the Verb Generation Task

The verb generation task was designed to locate the expres-
sive language area by fMRI. Among 117 patients who under-
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went the verb generation task, 100 patients (84.6%) completed
the task and provided useful fMRI data. The results showed
that the dominant hemisphere for the expressive language
function was left, right, and bilateral in 90, eight, and two
patients, respectively. In the epilepsy group (n = 34), left, right,
and bilateral dominance was 29 (85.2%), three (8.8%), and two

(8.5%), respectively. In the non-epilepsy group (n = 66), left,

right, and bilateral dominance was 61 (92.4%), five (7.6%), and
zero (0%), respectively. The activated regions on fMRI mainly
involved the IFG and MFG, the lateral precG, AG, and the sup-
plementary motor area (SMA) (Figs. 1 and 2).

In some patients, activations were observed in bilateral hemi-
spheres. Except for two patients who showed bilateral domi-
nance, the activations in the non-dominant hemisphere were
restricted to MFG and precG and smaller in size, so the pixels
did not reach a cluster significance (maximum values of Z-
score, <2.2 or <10 pixels).

Compared with successful results of the Wada test, the success-
ful rate of fMRI with the verb generation task was 90.1%. Seven
patients with aphasia or dementia failed to complete the task.
Three glioma patients with marked surrounding, four patients
with brain ischemia and three patients with large arteriovenous
malformations failed to exhibit significant activations in the
frontal lobe (Fig. 3). These incomplete results are accounted for by
the reported disadvantage of fMRI that data may be affected by
the pathological changes of cerebral circulation (7, 10, 15).

fMRI with the A/C Categorization Task

The A/C categorization task was designed to locate the recep-
tive language area by fMRI. Among 106 patients who performed
the A/C categorization task, 71 (67.0%) completed the task and
provided useful fMRI data. Compared with the verb generation
task, the A/C categorization task more often activated wider areas
in bilateral hemispheres (Fig. 2). Activations generally involved
the bilateral frontal lobes, including the IFG, MFG, and precG,
with laterality. The superior temporal regions, such as the STG
and SmG, demonstrated activation spots in only 45% (n = 32) of
the investigated patients, and the side predominance was not
apparent in most cases. The fMRI data of the A/C categorization
task were considered unsuitable to determine the receptive lan-
guage areas and were not used for the final analyses.

Language MEG Profiles and Dipole Locations

The Kana reading task was designed to locate the receptive
language area by MEG. The language MEG was performed in
117 patients, of whom 99 (85.4%) completed the task and pro-
vided useful data (Figs. 1 and 2). Results showed that the dom-
inant hemisphere for the receptive language function was left,
right, and bilateral in 85, 11, and three patients, respectively. In
the epilepsy group (n = 31), left, right, and bilateral dominance
was 26 (83.9%), three (9.7%), and two (6.5%), respectively. In the
non-epilepsy group (n = 68), left, right, and bilateral dominance
was 59 (86.8%), eight (11.8%), and one (1.5%), respectively.

Dipole clusters of late deflections localized mainly in the
superior temporal region (STG, MTG, and SmG), and 60% of
investigated patients also showed dipoles in the inferior tempo-
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FIGURE 1. A 24-year-old, right-handed man with epilepsy. A, fMRI with the
verb generation task showing activations predominantly in the left IFG, MFG,
PrecG, and parieto-occipital regions. B, square root mean field profiles of lan-
guage MEG responses in the bilateral FT and TO regions. The left FT
responses, peaking at 450 milliseconds, were markedly greater in amplitude
than the right FT. C, source localization of the late deflections showing predom-
inant dipole clusters (arrowheads) in the left superior temporal region. The left
and right hemispheres contained 97 and 37 dipoles, respectively.

ral region (FuG and inferior temporal gyrus). In 96 patients
who showed unilateral language dominance, the total number
of dipoles in the dominant versus non-dominant hemispheres
was 124.1 * 62.1 and 58 * 30.9 (mean *+ standard deviation),
respectively. The ratio of the dipole number in the dominant
hemisphere to the non-dominant hemisphere in each individ-
ual was 2.4 + 1.7 (range, 1.43-14.4).

A typical result with all channels of MEG with the Kana-
reading task is illustrated in Figure 1. Later deflections peaking
at approximately 400 milliseconds were predominantly
observed in the left FT. Bilateral TO regions demonstrated early

300 | VOLUME 60 | NUMBER 2 | FEBRUARY 2007

deflections at approximately 200 milliseconds with short dura-
tions and little laterality. Estimated dipoles of the FT regions
were densely accumulated in the left STG, MTG, and SmG (102
dipoles), whereas the right hemisphere showed fewer dipoles
(54 dipoles) in the superior temporal region. This patient was
thus determined to have receptive language dominance in the
left temporal lobe.

The successful rate of language-MEG was 82.4%. Nine out of
39 epilepsy patients (23.1%) could not provide useful MEG data
owing to artifacts from constant eye movements; the Kana-
reading task was more difficult to complete than the verb gener-
ation task for patients with mental dysfunction. On the other
hand, only one out of 18 AVM patients, owing to severe dyslexia,
failed to provide useful MEG data, indicating that, in contrast to
fMRI, MEG was not frequently affected by cerebral blood flow
abnormalities (Fig. 3).

Combination of fMRI and MEG with Wada Test
Verification

The verb generation task fMRI data depict expressive lan-
guage areas well, but may be affected by cerebral blocd flow
abnormalities. The MEG results indicate receptive language
areas well, but the task is rather complicated and may not be
suited for patients with mental disorders. We sought to estab-
lish a non-invasive and reliable method to determine the later-
ality of language dominance by combining the advantages of
these approaches. Furthermore, in terms of language func-
tions, the results from fMRI and MEG can be integrated to
locate expressive and receptive language areas and to provide
reliable evidence whether or not there is dissociation. To ver-
ify the reliability of our method, 97 patients also underwent
the Wada test.

Useful data from the method co-utilizing fMRI and MEG could
be obtained from 87 out of 91 patients (95.6%). Remarkably,
regarding language dominance, the results from the combina-
tion method matched the results of the Wada test in all 87
patients. Worth noting is that two patients (one with left tempo-

 ral lobe epilepsy and the other with right insular astrocytoma)

showed dissociated language areas using the combined method.
The expressive language area was depicted in the left frontal lobe
by fMR], but the receptive language area was demonstrated in
the right temporal lobe by MEG (Fig. 4). The Wada test results
confirmed that both patients have language functions dissoci-
ated in the bilateral hemispheres. Among the 91 patients who
underwent the Wada test, these were the only two patients in
whom the Wada test detected dissociation of language functions.

In 12 epilepsy patients, the expressive and/or receptive lan-
guage areas were electrophysiologically investigated via a sub-
dural electrode implantation and the results were compared
with those determined via the combined fMRI plus MEG
method (Fig. 5). Out of eight patients who underwent cortical
mapping for the expressive language area, all showed a speech
arrest by electrical stimulation to the [FG and four to the MFG.
All of the physiologically determined locations were confined
within the areas depicted by the combined method. Out of six
patients who received electrical stimuli to the temporal lobe,
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four showed responses interpretable as impaired speech com-
prehension. In all such cases, the electrophysiologically deter-
mined location matched the area depicted by the combined
method, although MEG-depicted receptive language areas cov-
ered relatively broad areas of the temporal lobe. The regions
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determined by the combined method were always broader, but
had the border within the adjacent gyri of those determined by
electrophysiological mapping.

ILLUSTRATIVE CASES

Patient 1

A 16-year-old, right-handed female patient had experienced tran-
sient numbness in her left upper extremity with a 2-month history. T1-
weighted MRI scans demonstrated an extra-axial cystic lesion in the left
frontal region. Although the lesion markedly compressed the frontal
lobe, she had no impairment of language and motor functions. fMRI
with the verb generation task demonstrated obvious activation in the
left IFG and MFG shifted inferiorly by the lesion (Fig. 2A). The A/C cat-
egorization task activated a small area of the left IFG, but mainly the
bilateral occipital lobes. Concerning MEG with the Kang reading task,
RMS of the left FT was much higher than that of the right, and numbers
of semantic dipoles were 117 and 30 in left and right hemispheres,
respectively. The main dipole clusters were located in the left IFG and
STG. The tumor was totally removed and histopathological diagnosis
was meningioma.

Patient 2

A 24-year-old, right-handed male patient had a large AVM in the left
frontal lobe. fMRI detected little activation in the IFG or MFG, although
a part of the left angular gyrus was activated by the verb generation
task (Fig. 34). MEG, however, disclosed numerous.dipole accumula-
tions in the left superior temporal region. In the MEG examination, the
left and right hemispheres contained 130 and 45 dipoles, respectively,
suggesting left language dominance (Fig. 3B). Auditory comprehen-
sion and letter-reading were suppressed by administration of amobar-
bital into the left carotid artery, although motor language function was
preserved. These findings suggested that the steal effect caused by the
AVM partly interfered with functional brain mapping of fMRI and the
Wada test. In this case, MEG was helpful to decide language domi-
nance (Fig. 3).

Patient 3

A 32-year-old, right-handed man experienced amnesia for several
minutes. Tl-weighted MRI scans and brain computed tomographic
scans disclosed a hypointense and hypodense mass in the right insular
cortex involving the surrounding white matter. Computed tomo-
graphic scans performed 6 years earlier, however, revealed no abnor-
mality. These findings suggested that a low-grade astrocytoma might

FIGURE 2. A 16-year-old, right-handed female patient with a large menin-
gioma in the left frontal region. The patient had no impairment of language or
motor functions. A, fMRI with the verb generation task showed activations
mainly in the left IFG and MFG that shifted inferiorly by the tumor. B, fMRI
with the abstract/concrete categorization task demonstrated activations in the
bilateral occipital regions in addition to small active spots in the left IFG. C,
square root mean field profiles of language-MEG responses demonstrated that
the left FT responses, peaking at 400 milliseconds, were markedly larger in
amplitude than the right FT. D, source localization of the late deflections
showed predominant dipole clusters in the left posterior temporal region. The
left and right hemispheres contained 117 and 30 dipoles, respectively. The
combined fMRI plus MEG method indicated left language dominance, which
was confirmed by Wada test.
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FIGURE 3. A 24-year-old, right-handed man with a large AVM in the left frontal lobe. A, fMRI with the verb genera-
tion task showed little activation in the left frontal lobe where the AVM was located. B, source localization of the late FT
and TO deflections on MEG showed predominant dipole clusters in the left posterior STG. The left and right hemispheres

contained 123 and 51 dipoles, respectively.

have slowly developed during the past 6 years. In the results of the
verb generation task, the left hemisphere had obvious activations in the
IFG, MFG, precG, and the angular gyrus, indicating that this patient
had left dominance of motor-language functions (Fig. 44). In contrast,
estimated dipoles of the FT responses were concentrated in the poste-
rior part of the right STG and MTG (138 dipoles) and another dipole
cluster (64 dipoles) of the TO region was localized in the right FuG. The
total dipole number of the left hemisphere (48 dipoles) did not reach
even a quarter of that of the right hemisphere, suggesting right-sided
dominance of temporal language functions (Fig. 4).

During the Wada test, he stopped counting (0 out of 4 points; 0%)
and failed to name objects (6 out of 20 points; 30%) after left intrac-
arotid injection, whereas letter-reading (21 out of 28 points; 75%), audi-
tory comprehension (12 out of 12 points, 100%), and pointing objects
tasks (16 out of 16 points; 100%) were well preserved. In contrast, after
right intracarotid injection, letter reading (13 out of 28 points; 45%),
auditory comprehension (3 out of 12 point; 25%), and pointing objects
(4 out of 16 points; 25%) tasks werc markedly suppressed, although he
continued to count correctly without specch blockade (4 out of 4 points;
100%) and could perform naming (17 out of 20 points; 85%). These
findings suggested that language functions were distributed separately
over the bilateral hemispheres, and the expressive and receptive lan-
guage functions were dissociated in the left frontal and right temporal
lobes, respectively. A striking fact was that the combination of fMRI
and MEG predicted the special profiles of language functions non-
invasively.
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DISCUSSION

We demonstrated that our
method using both fMRI with
the verb generation task and
MEG with the Kana reading
task is highly reliable in deter-
mining the language domi-
nance in patients with brain
lesions. The accuracy of the
dominance laterality was con-
firmed by a 100% match with
the results from the Wada test.
fMRI and MEG compensated
each other’s disadvantages.
The tasks of fMRI were rather
simple and could be accom-
plished even by patients with
mental dysfunctions, whereas
MEG results were seldom
affected by cerebral blood flow
abnormalities. Reliable data on
language functions were also
obtained by combining the
advantageous features of fMRI
and MEG. fMRI with the verb
generation task well depicted
the expressive language area as
activations in the frontal lobe,
most commonly in the IFG.
MEG, on the other hand,
showed dipole clusters pre-
dominantly in the superior temporal regions representing the
receptive language area. In the epilepsy group, left and bilateral
dominance were approximately 85% and more than 6%, respec-
tively, whereas, in the non-epilepsy group, left and bilateral
dominance were more than 90% and less than 2%, respectively.
The combined method, including the Wada test, fMRI, and
MEG, clearly demonstrated bilateral dominance is more often
observed in the epilepsy group than in the non-epilepsy group.

In our study, two out of 87 patients analyzed (2.3%) were
found to have dissociation of the expressive and receptive lan-
guage functions by co-utilization of fMRI and MEG, verified by
the Wada test, which best described the usefulness of our
method in identifying the areas of the two language functions
separately. In both cases, neither modality alone demonstrated
the dissociation. Although several cases have been reported
that dissociated language functions were found by fMRI, none
of those was proven by the Wada test (2, 8, 21, 23). Our results
show that neither fMRI nor MEG alone is sufficient to accu-
rately locate the expressive and receptive language areas, and
the combined use is the key to obtaining high reliability.

The results from electrophysiological investigation via a sub-
dural electrode implantation in 12 patients further confirmed
the accuracy of the present method. Pouratian et al. (22)
reported that the sensitivity and specificity of language-fMRI

right hemisphere
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FIGURE 4. A 32-year-old, right-handed man with astrocytoma in the right insular cortex and the surrounding white
matter. A, fMRI with the verb generation task showed main activations in the IFG, MFG, precG, and AG, indicating
left dominance of the expressive language function. B, in contrast to the fMRI results, source localization of the late FT Te€sponse to verbal tasks,

deflections on MEG showed predominant dipole clusters in the right temporal lobe. The left and right hemispheres con-
tained 48 and 202 dipoles, respectively. The combined fMRI plus MEG method thus indicated dissociated frontal motor

cance of activations depicted
on fMRI is still under debate.
Language-fMRI activations
may be related to various
semantic components of the
task, including the will to
retrieve verbal materials and
the memory related to articula-
tions. Despite that the A/C cat-
egorization task was designed
to detect the receptive lan-
guage area, activations in the
temporoparietal region was
less frequently observed than
in the frontal region. Neural
activities in the temporopari-
etal area are considered rela-
tively scarce (25), and the dis-
crepant activities of the frontal
and temporoparietal regions
may be owing to physiological
variations of brain regions.
Alternatively, the frontal and
temporal lobes may have dif-
ferent oscillations (brain
rhythms) of brain activity in

which are reflected in changes
in neuronal currents and cere-

and temporal receptive language functions. This result was confirmed by the Wada test. The patient showed impaired bral blood flow.

counting and object naming after amobarbitol injection into the left carotid artery. In contrast, letter reading, auditory
comprehension and object pointing tasks were markedly suppressed, without counting impairment and speech blockade,

after amobarbitol injection into the right carotid artery.

were dependent on the task, lobe, and matching criterion. The
sensitivity and specificity of fMRI activations during expressive
linguistic tasks in the frontal lobe were found to be up to 100
and 66.7%, respectively, in the frontal lobe. FitzGerald et al. (6)
reported that sensitivity and specificity for all multiple lan-
guage tasks ranged from 81 to 53% (6). On the other hand, sev-
eral groups have reported that the language map obtained from
fMRI poorly matched the intraoperative electrical stimulation
mapping (6, 25). In our study of language-fMRI, every electri-
cal stimuli to the IFG, where the fMRI-activation was observed,
caused speech arrest. However, the stimulation to MFG caused
language-related symptoms in only half of patients. Although
the sensitivity of fMRI might be high, there are still several issues
of individual variability of fMRI activation and semantic tasks.
The discrepancy can be partly accounted for by the fundamen-
tal differences in methodology such that the electrical stimula-
tion directly blocks the specific language functions, whereas
fMRI picks up all activated areas involved in the language
tasks. Therefore, fMRI-based mapping largely depends on the
design of the performing task. We tested two different tasks for
fMRI and found the verb generation task better suited for lan-
guage mapping than the A/C categorization task. The signifi-

NEUROSURGERY

Our study demonstrated
that dominance of the recep-
tive language function could
be accurately determined by
MEG. For that purpose, we originally designed the task of
three-letter word reading and silent categorization and used
the dipoles calculated from late deflections to process the MEG
results. It has been reported that cortical evoked potentials
recorded by subdural electrodes showed responses at approx-
imately 200 (early) and 400 (late) milliseconds in the left tempo-
ral lobe cortex after letter presentation (1, 17). The late poten-
tials have been noted especially in tasks involving decisions
based on visually presented words (13, 14). In this study, the
sources of late responses (250-600 ms) were located mostly in
the posterior temporal region, and the laterality of dipole clus-
ters accurately reflected the receptive language dominance. It
has been reported that dipoles in the superior temporal region
showed an excellent agreement with an intraoperative electri-
cal mapping (27). We also included dipoles in the FuG for lan-
guage dominance determination based on our experience with
a case in which an injury of FuG resulted in pure dyslexia (12).
These contrivances in our method may have led to improve-
ment in accuracy on language dominance determination over
previous reports (20). Basic technical issues of the MEG inves-
tigation still remain. Eye movement artifacts were strong
enough to distort the baseline of the MEG data. In our study,
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we asked patients to keep gazing at the center of the screen
during the semantic decision without blinking. As a result, arti-
facts were observed at later than 600 milliseconds after letter
presentation and usually did not affect the early and late
semantic responses. It is, however, important to prevent arti-
facts by monitoring eye movements and using rejection thresh-
olds.

In conclusion, by co-utilizing fMRI and MEG, we established
a method to determine language dominance with a high relia-
bility. The fMRI activations with the verb generation task iden-
tified the expressive language area, whereas the language MEG
dipoles located the receptive language areas. Our institution is
now routinely using the combined technique to identify the
language dominance. If it does not produce data on cerebral
dominance, we additionally perform the Wada test before sur-

gery. This non-invasive and repeatable method may be an effec-

tive alternative to the Wada test and may be useful in the man-
agement of patients with brain lesions.
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COMMENTS

his is an interesting article evaluating the complementary features

of functional magnetic resonance imaging (fMRI) and magnetoen-
cephalography (MEG) to assess language lateralization in 87 patients.
Whereas any test of language lateralization is suspect if 100% correla-
tion is found, the authors have carefully described their techniques
and the analysis of results. It is quite apparent that fMRI with verb gen-
cration tasks is best at activating anterior language areas, whereas
abstract versus concrete naming tasks can be less robust. This is a good
article and a large experience worthy of publication.

G. Rees Cosgrove
Burlington, Massachusetts

he authors have applied fMRI and MEG techniques to localize

speech function in a large number of patients with different brain
lesions. They were able to supplement the two noninvasive tests with
the Wada test in 80% of the patients. They were able to obtain useful
data with the co-utilization of fMRI and MEG in 95.6% of the patients
and found a somewhat surprisingly good match with the results of the
Wada test in 100% of those. In the results section, the authors discuss a
few differences to the localization of language areas by electrophysio-
logical means. They point out the fact that atypical language domi-
nance or bilateral language representation is more frequent in patients
with chronic epilepsy than in those without epilepsy. This is an impor-
tant fact not known to many neurosurgeons who are not ordinarily
involved with cpilepsy cases. The results of this study make it more
likely that, in the future, the invasive Wada test procedure might be
abolished in those institutions at which MEG is available. This consti-
tutes a notable limitation of this noninvasive technique. If fMRI is used
alone, the success rate for obtaining useful data is 84.6% for word gen-
eration tasks and only 67% for the abstract/concrete categorization
task. This is quite an interesting study and the results are very promis-
ing; however, the limitations are not economical. A number of patients
cannot complete all the tasks necessary for fMRI study, and MEC stud-
ics can be disturbed by eye movement artifacts. We look forward to
other reports confirming these promising results.

Johannes Schramm
Bonn, Germany

he authors present some very interesting data in the realm of func-

tional imaging to determine cerebral dominance for language.
Currently, the standard modality for determining cerebral dominance
is the venerable Wada test. In this study, the authors use both MEG and
fMRI to determine language dominance based on activation in the infe-
rior frontal gyrus and middle frontal gyrus using fMRI and dipole
moments reflecting or indicating receptive language fields in the tem-
poral lobe. As expected, they had some difficulty with the fMRI data
owing to the underlying deficit in the patient, which suggests that
fMRI is not always as good as one might expect in terms of determin-
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ing cerebral dominance using a verb generation silent language task.
We know that fMRI is not a good choice for defining receptive lan-
guage fields that correspond to intraoperative stimulation mapping.
However, when fMRI was used together with MEG, the authors were
able to demonstrate 100% concordance with data from the Wada test.
Thus, this is a very important study indicating that, in the near future,
it may be possible to bypass the Wada test with these two powerful
functional imaging modalities. That being said, not every institution is

going to be able to obtain both of these functional tests. Therefore, it is
unlikely that this strategy is going to replace Wada tests completely.
Yet, this is a very important line of investigation and a novel observa-
tion that points out the frailties of functional imaging for cerebral dom-
inance localization and the potential power when the different func-
tional tests are combined.

Mitchel S. Berger

San Francisco, California

Portrait of James Figg (1695-1734), by William Hogarth, (1697-1764). Acknowledged in Britain as the

“Father of Boxing,” Figg popularized the sport with teaching and exhibitions and, following victories
over all the other British contenders, declared himself “heavyweight champion of England” in 1719.
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Neuropilin-1 promotes human glioma progression through potentiating
the activity of the HGF/SF autocrine pathway
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Neuropilin-1 (NRP1) functions as a coreceptor through
interaction with plexin A1l or vascular endothelial growth
factor (VEGF) receptor during neuronal development and
angiogenesis. NRP1 potentiates the signaling pathways
stimulated by semaphorin 3A and VEGF-A in neuronal
and endothelial cells, respectively. In this study, we
investigate the role of tumor cell-expressed NRP1 in
glioma progression. Analyses of human glioma specimens
(WHO grade I-IV tumors) revealed a significant correla-
tion of NRP1 expression with glioma progression. In
tumor xenografts, overexpression of NRP1 by US87MG
gliomas strongly promoted tumor growth and angio-
genesis. Overexpression of NRP1 by U8S7MG cells
stimulated cell survival through the enhancement of
autocrine hepatocyte growth factor/scatter factor
(HGF/SF)/c-Met signaling. NRP1 not only potentiated
the activity of endogenous HGF/SF on glioma cell
survival but also enhanced HGF/SF-promoted cell pro-
liferation. Inhibition of HGF/SF, c-Met and NRPI1
abrogated NRP1-potentiated autocrine HGF/SF stimula-
tion. Furthermore, increased phosphorylation of c-Met
correlated with glioma progression in human glioma
biopsies in which NRP1 is upregulated and in US7TMG
NRP1-overexpressing tumors. Together, these data sug-
gest that tumor cell-expressed NRP1 promotes glioma
progression through potentiating the activity of the HGF/
SF autocrine c-Met signaling pathway, in addition to
enhancing angiogenesis, suggesting a novel mechanism of
NRP1 in promoting human glioma progression.
Oncogene (2007) 26, 5577-5586; doi:10.1038/s).onc.1210348;
published online 19 March 2007
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Introduction

Neuropilin-1 (NRP1) is a type I cell surface co-receptor
that plays important roles in the development of the
nervous system and angiogenesis (Bagri and Tessier-
Lavigne, 2002). During neuronal development, NRP1-
mediated signal transduction requires the formation of
a functional semaphorin (Sema) 3A-NRPI-plexin Al
complex, which inhibits axonal guidance signals to the
projecting neurons (Bagri and Tessier-Lavigne, 2002).
In endothelial cells, NRP1 enhances the interaction of
heparin-binding vascular endothelial growth factor
(VEGF) 45 with its receptors (VEGFRs) and modulates
VEGPF-stimulated angiogenesis. Elevated expression of
NRP1 was also found in tumor cells in various types of
human cancers (Klagsbrun et al., 2002). Overexpression
of NRPI in prostate and colon cancer cells enhances
angiogenesis and tumor growth in animals (Miao et al.,
2000; Parikh et al., 2004), whereas expression of an
antagonist of NRP1 inhibited vessel growth and tumor
expansion (Gagnon et al., 2000).

Hepatocyte growth factor/scatter factor (HGF/SF)
modulates various cellular functions such as prolifera-
tion, migration and morphogenesis through its cognate
surface receptor c-Met (Gao and Vande Woude, 2005).
Activation of the HGF/SF/c-Met signaling pathway
correlates with the malignancy of human gliomas
(Abounader and Laterra, 2005). Overexpression of
HGF/SF in glioma cells resulted in enhanced tumori-
genicity and growth in vivo (Laterra et al., 1997).
Inhibition of endogenous HGF/SF and c-Met in human
cancer cells, including gliomas, reversed their malignant
phenotype (Abounader et al., 2002). Additionally, the
activation of signaling molecules such as extracellular
signal-regulated kinase (ERK) and Bcl-2 antagonist of
cell death (Bad) is involved in the HGF/SF/c-Met
pathway in cancer cells (Abounader and Laterra, 2005).
NRP1 was recently demonstrated to interact directly
with a subset of heparin-binding growth factors, such
as fibroblast growth factor-2 (FGF-2), FGF-4 and
HGF/SF and potentiates FGF-2 stimulation of
endothelial cells (West et al, 2005), suggesting
that NRP1 expression in glioma cells may augment
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HGF/SF/c-Met stimulation of tumor
through an autocrine loop.

In this study, we investigated the roles of tumor cell-
expresssd NRPI in human glioma progression. We
show that upregulated NRP1 is primarily expressed in
tumor cells, and NRP1 expression correlates with tumor
progression in clinical glioma specimens. We demon-
strate that NRP1 expression promotes glioma growth
and survival in vitro and in vivo through an autocrine
HGF/SF/c-Met signaling pathway involving activation
of c-Met, ERK and Bad, thus suggesting a novel
mechanism of NRP1 expression in promoting cancer
cell survival and proliferation.

progression

Results

Upregulation of NRPI is correlated with the malignancy
of human astrocytic tumors

To determine the association of NRP1 expression with
glioma progression, we performed immunohistoche-
mistry (IHC) analyses on a total of 92 human glioma
specimens and four normal human brain biopsies
using three well-characterized anti-NRP1 antibodies
(Ding et al., 2000) and isotype matched IgGs as negative
controls that all showed no staining (see the insets in
Figure 1A). As shown in Figure 1Aa, in all four normal
brain tissues analysed, weak immunoactivity for
the anti-NRP1 antibody was detected in neurons (red
arrow) or cells within a blood vessel (arrowhead). In
four pilocytic astrocytoma specimens (P.A., WHO
grade 1), NRP1 was weakly stained in a few tumor cells
(Figure 1Ab, arrows) and vessels (panel b, arrowhead).
In 24 WHO grade II gliomas, NRPl protein was
detected in tumor cells (panel ¢, arrows) and vessels
(panel c, arrowhead). In 21 WHO grade I1I glioma
biopsies, a greater intensity of NRPI staining was
detected in tumor cells (Figure 1Ad, arrows). In 43
WHO grade IV glioblastoma multiforme (GBM) speci-
mens, high expression of NRP1 was found in tumor
cells (Figure 1Ae, arrows). In general, no increase in
staining for NRPI protein was found in hypoxic/
pseudopalisading regions, but heterogeneous staining
for NRP! expression was seen within the gliomas. As
summarized in Figure 1B and Supplementary Table Sl
(Supplementary Material), statistical analyses of our
IHC data revealed a significant correlation between
NRP1 expression and human glioma progression.
There was a significant difference in IHC staining for
NRP1 among the three groups as well as a correlation
between NRP1 expression and the malignancy of human
glioma (Figure 1B).

Overexpression of NRP1 in US87MG xenografts promotes
tumor growth and angiogenesis in vivo

To further investigate whether upregulation of NRP1 by
glioma cells promotes tumor progression, we first
examined expression of NRP1 in human glioma cell
lines by immunoblot (IB) analyses. As shown in
Figure 2a, NRP1 protein was detected at various levels
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in all glioma cell lines examined. As U87TMG cells
express NRPI1 at a relatively low level and are highly
tumorigenic in mice (Hu ez al., 2003), we utilized this
cell line to stably overexpress NRP1. Among various
U87MG cell clones that stably express NRP1, we
chose two cell clones, U87MG/NRPl-no. 1 and
U87MG/NRPI-no. 8, that expressed exogenous NRPI
at medium (NRP1-no. 1) or high levels (NRPI-no. 8)
compared with U§7MG (Figure 2b) or LacZ (see below)
cells for further studies. Next, we separately implanted
U87MG and NRP!I cells into the flank or the brain of
nude mice. On the 26th day post-implantation, inocula-
tion of NRPI cells into the flank resulted in formation
of tumors with an average volume of 12054+ 307 mm’,
whereas mice that received U87MG or LacZ cells (Guo
et al., 2001) developed tumors with similar volumes in
45 days (Figure 3A). In the brain, mice receiving NRP1
cells developed tumors with a volume of 34+ 6.8 mm® in
25+3 days (n=17) (Figure 3Bc, d and 3C), whereas
mice inoculated with U87MG or LacZ cells developed
tumors of 15+4.5mm?® in the same period of time
(n=15) (Figure 3Ba, b and 3C). Afterwards, we stained
the brain tumor tissue using anti-CD31 (Figure 3Bb and
d) and anti-bromodeoxyuridine (BrdUrd) plus anti-von
Willebrand factor (vWF) antibodies (Figure 3E). We
found that NRPI intracranial tumors had a 2.5-fold
increase in vessel density (Figure 3D) and a 2.6-fold
increase in BrdUrd incorporation in the tumor cells
when compared with U87MG tumors (Figure 3F).

NRPI promotes US87MG cell growth through enhancing
autocrine HGF|/SF/c-Met signaling

Our results show that overexpression of NRPI by
glioma cells enhances tumor cell proliferation in vivo,
which could possibly be due to NPRIl-modulated
autocrine intracellular signaling stimulation in glioma
cells or caused indirectly by an increase in angiogenesis.
To distinguish these possibilities, we performed a trypan
blue vital dye exclusion assay. NRP1 overexpression did
not significantly affect NRP1 cell growth compared with
U87MG or LacZ cells when cultured in medium
containing 10% fetal bovine serum (FBS) (data not
shown). However, as shown in Figure 4A, in the absence
of serum, NRP1 cells showed a 1.8-fold increase in cell
survival, whereas US7MG or LacZ cells demonstrated a
slight decrease of cell survival in a 4-day culture,
suggesting that autocrine signaling through NRPI
promotes cell survival in these glioma cells.

A recent study demonstrated NRPI also interacts
with several heparin-binding growth factors, such as
FGF-2, FGF-4 and HGF/SF, and potentiates the
growth stimulatory activity of FGF-2 on endothelial
cells (West et al., 2005). As HGF/SF and FGF-2 were
shown to stimulate cell growth through receptor-
mediated autocrine signaling in glioma cells (Abounader
and Laterra, 2005), we performed enzyme-linked
immunosorbent assay (ELISA) and determined whether
the autocrine signaling activities of these growth
factors were involved in the NRPI-stimulated
U87MG cell survival and growth. In a 48-h cell culture,
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B NRP-1 Expression Correlates with Human Glioma Progression
. Score Kruskal-Wallis test*
WHO grade  n Histology n - + 1+ 2+ 3+ with Scheffe's post-hoc test
Normal 4 Normal 4 4 0 0 0 O
Normal+] —
| 4 Pilocytic astrocytoma 4 0 4 0 0 O
p<0.01
Oligodendroglioma 13 2 4 5 2 0
Il 24 Diffuse astrocytoma 10 0 0 5 5 O n = <001
Oligoastrocytoma 1 o 0 1 o o p<®.
Anaplastic astrocytoma 13 0 1 7 5 O p<0.05
1} 21 Anaplastic oligodendroglioma 7 0 0 3 3 1
Anaplastic oligoastocytoma 1 0 o o0 1 0 Hi+lv - -
v 43 Glioblastoma multiforme 43 0 3 16 18 6

*Kruskal-Wallis test between Normal+Grade | vs Grade Il vs Grade llI+1V showed significant difference with p <
0.00001. Differences between each group were then examined by Scheffe's post-hoc test and each p-value

were indicated in the table.

n, number of specimens. Score, intensity of IHC staining in the clinical specimens by an ant-NRP1-antibody and
is defined as described in the Materials and Method section.

Figure1 NRP1 expression correlates with human glioma progression. (A) IHC of paraffin sections of normal human brain (panel a),
P.A. (WHO grade I, panel b), diffuse astrocytoma (D.A., grade II, panel c), anaplastic astrocytoma (A.A., grade 11, panel d) and
GBM (grade 1V, panel e) tissue. Insets in panels a—e are the isotype-matched 1gG control staining of identical areas. Arrows indicate
neurons (a) or tumor cells (b to €) that are positive for NRP1. Arrowheads indicate endothelial cells in tumor-associated vessels that
express NRP1. Results are representative of three independent experiments. Original magnification: x 400. (B) Statistical analyses.
A total of 92 individual primary tumor specimens (WHO grade I-1V) and four normal human brain biopsies were analysed.

U87MG, LacZ and NRPI cells secreted VEGF
(30+3.6 ng/ml/10° cells), FGF-2 (14+2.1pg/ml/10°
cells) and HGF/SF (400+45pg/ml/10¢ cells) into
serum-free medium at similar levels. A neutralizing
anti-HGF/SF antibody abolished the effect of NRPI-
enhanced U87MG cell survival, whereas neutralizing

anti-FGF-2 and anti-VEGF antibodies had little or no
effect on cell survival of U87MG and NRPI cells
(Figure 4B).

To investigate whether the HGF/SF/c-Met signaling
pathway mediates NRP1 stimulation of glioma cells, we
examined the expression and tyrosine phosphorylation

5579

Oncogene



Neuropilin-1 promotes human glioma progression

B Hu et a/
5580
a @«
g ¢ [L]
8 8 @ £ 2 o = @ i
> 8 § 23 3 R E g 2
5 2 2 £ &8 2 8§ & & =
1B T O &S 2 D 4 O O Kk 2 kba

Napr*lgéézv ” C e TR e l-135

6-actin->L-- -—— e - - -J-u

b

"53 NRP1
B 3 # #8 .p,
NRP1 [ e S Q|- 135

——T——

Figure 2 Overexpression of NRP1 in U8S87MG glioma cells.
IB analyses of HUVEC, NHA/ETR and various glioma cell lines
(a) or US7MG and NRPI1-no. 1 and NRP1-no. 8 cells (b) using
a polyclonal anti-NRP1 antibody (C-18). f-Actin was used as a
loading control. Similar results were also obtained using
a polyclonal anti-NRP1 antibody (NPIECDIA). Results are
representative of three independent experiments.

of c-Met in U87MG and NRP1 cells in the absence or
presence of the HGF/SF neutralizing antibody. As
shown in Figure 4C, in the absence of serum, expression
of endogenous c-Met was not enhanced by NRPI
overexpression, but tyrosine phosphorylation of c-Met
was stimulated in NRP1 but not U87MG or LacZ cells.
When the HGF/SF neutralizing antibody was included
in the cell culture, the NRP1-induced phosphorylation
of c-Met was diminished. As U87MG, LacZ and NRP1
cells secrete low levels of endogenous HGF/SF in the
serum-free CM (400 4 45 pg/ml/10° cells) and no inhibi-
tory effect of the neutralizing anti-HGF/SF on U87TMG
parental cell survival (Figure 4B) was seen, we reasoned
that the HGF/SF/c-Met autocrine signaling path-
way was not activated due to low levels of the
endogenous HGF/SF in U87MG or LacZ cells.
Furthermore, NRP1 overexpression in USTMG cells
potentiated HGF/SF/c-Met autocrine signaling by
activating a downstream target, Bad, an antiapoptotic
molecule (Abounader and Laterra, 2005) (Figure 4C).
Phosphorylation of Bad at Ser-112 was induced by
NRPI1 overexpression, but only a slight enhance-
ment occurred on the constitutively phosphorylated
Ser-136 of Bad. Additionally, a 4-day culture in
serum-free medium did not alter the expression levels
of NRPl1 in U87MG, LacZ or NRPIl-expressing
cells (Figure 4D).

Although U87MG cells are deficient in plexin Al and
VEGFR-2, Sema 3A, a cognate ligand for NRPI, is
expressed in U87MG cells (Rieger et al., 2003). Thus, we
tested a specific knockdown of Sema 3A by siRNA to
examine the effects of endogenous Sema 3A on
NRPl-enhanced U87MG cell growth. As shown in
Figure 4E, endogenous c-Met (panel a) and Sema 3A
(panel b) were considerably suppressed compared
with the control siRNA-transfected cells. Reduced
expression of c-Met, but not Sema 3A, in NRPI cells
significantly abolished the NRP1-enhanced US7MG celi
survival (Figure 4F).

Oncogene

NRPI1 potentiates glioma cell proliferation in response to
exogenous HGF|SF

We assessed whether NRP1 overexpression could
potentiate stimulation of glioma cell proliferation by
exogenous HGF/SF using a BrdUrd incorporation
assay. As shown in Figure 5A, in the absence of
recombinant human (rh) HGF/SF, the basal level of
BrdUrd incorporation in NRP1-no. 1 and -no. 8 cells
was similar to that in U87MG and LacZ cells. When
cells were treated with 5 or 10 ng/ml of rhHGF/SF, a
significant increase in BrdUrd incorporation was found
in NRPI-no. 1 and -no. 8 cells compared with U§7TMG
and LacZ cells, whereas stimulation by 25ng/ml
rhHGF/SF markedly enhanced BrdUrd incorporation
in U87MG and LacZ cells. Further increases of rhHGF/
SF (50 or 75ng/ml) had no further augmentation of
BrdUrd incorporation in US§7MG, LacZ and NRPI
cells. Also, NRP1-potentiated cell proliferation was
proportional to the level of exogenous NRP1 expression
in the glioma cells when comparing the BrdUrd
incorporation level in NRP1-no. 8 cells (higher level of
exogenous NRP1) to NRP1-no. 1 cells (lower level of
NRP1 expression, Figure 2b).

Next, we assessed the activation of c-Met and two of
its downstream effectors, ERK and Bad. As shown in
Figure 5B, when cells were treated with 10ng/ml
rhHGF/SF for 20 or 40min, phosphorylation of
ERK1/2 and Bad at Ser-112 was evident in NRPI-
expressing cells but not in LacZ cells. Moreover,
treatment with 25umol/l U0126, a specific inhibitor
for ERK, inhibited HGF/SF-stimulated phosphorylation
of ERK and Bad as well as BrdUrd incorporation in
NRPI cells but not in LacZ cells (Figure 5Ca and b).
To a similar extent, suppression of Bad protein expres-
sion in these cells by a specific siRNA (Figure 5Da) also
significantly attenuated HGF/SF-stimulated BrdUrd
incorporation in NRP1 cells but had no effect on LacZ
cells or untreated cells (Figure 5Db).

To further confirm the critical role of NRP1 expres-
sion on potentiation of HGF/SF/c-Met signaling, we
determined the effects of endogenous NRP1 on cell
growth in LNZ-308 glioma cells, as LNZ-308 cells
express endogenous NRP1 at high levels (Figure 2a) and
no endogenous HGF/SF protein was detected by
ELISA in serum-free CM (data not shown). As shown
in Figure 6a, three individual siRNAs for NRPI
(N1, N2 and N3) suppressed endogenous NRP1 protein
at various levels in LNZ-308 cells, whereas a pool of
these three siRNAs for NRPI (NI:N2:N3=1:1:1)
considerably suppressed endogenous NRP1 protein.
When control siRNA-transfected LNZ-308 cells were
stimulated with rhHGF/SF, BrdUrd incorporation
increased by 1.6-fold in response to 10ng/ml of
rhHGF/SF and reached a peak when 20 ng/ml HGF/
SF was used (Figure 6b). Stimulation by HGF/SF on
LNZ-308 cells at higher concentrations (60 and
80 ng/ml) had no further effect (Figure 6b). Importantly,
when endogenous NRP1 expression was inhibited
using siRNA, HGF/SF-stimulated BrdUrd incorpora-
tion at low concentrations (10 and 20ng/ml) was
significantly attenuated.
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Figure 3 Overexpression of NRP1 in U87MG cells promotes tumor growth and angiogenesis. (A) Growth kinetics of U87MG or
NRPI tumors at subcutaneous sites. Tumor volume was estimated (volume = (a* x b)/2, a<b) using a caliper at the indicated times.
Data are shown as mean +s.d. (B) Tumorigenicity and angiogenesis of U87MG brain tumors. IHC analyses are shown for U87MG
(panels a and b) or NRP1 (c and d) gliomas. Panels a and c are brain sections stained with hematoxylin and eosin (H&E). Panels b and
d show CD31 staining for tumor vessels. Arrows in a and ¢, tumor mass. Arrows in b and d, blood vessels. Five to eight individual
tumor samples of each group from each in vivo experiment were analysed. Original magnification: panels a and ¢, x 12.5; b and d,
% 200. (C) and (D) Quantitative analyses of tumorigenesis and angiogenesis in various intracranial tumors. Data are means+s.d.
Numbers in parentheses, the difference in fold between U87MG and NRPI gliomas. (E) and (F) Cell proliferation of various
intracranial gliomas. (E) IHC staining of U87MG brain tumors with a monoclonal anti-BrdUrd antibody (red) together with a
polyclonal anti-vWF antibody (green). Blue arrows, proliferative nuclei in tumor cells. White arrows, proliferative nuclei of blood
vessels. Blue arrowheads, vVWF staining of vessels. Three to five serial sections from five to seven individual samples of each tumor type
were analysed. Original magnification: x 400. (F) Quantitative analyses of cellular BrdUrd incorporation in U87MG and U87TMG/
NRPI tumors. Numbers in parentheses, the difference in fold between U87MG/NRP1 and parental US7MG gliomas. Results in (A-E)
are representative of three independent experiments.

Next, we examined activation of the HGF/SF/c-Met

tumors and performed IB analysis. As shown in
signaling pathway in various siRNA-transfected LNZ-

Figure 7a, NRP1 overexpression did not increase

308 cells in response to HGF/SF stimulation. As shown
in Figure 6¢c, HGF/SF stimulation at 10, 25 and 50 ng/
ml induces phosphorylation of c-Met, Erkl/2 and Bad.
When NRP1 expression was suppressed using siRNA,
the activation by HGF/SF at 10 and 25 ng/ml on c-Met,
ERK1/2 and Bad was diminished. No inhibitory effect
on HGF/SF stimulation was seen when NRP1 siRNA-
transfected LNZ-308 cells were treated with 50 ng/ml
HGF/SF.

NRP] enhances HGF|SF/Met signaling in human glioma
Next, we sought to determine whether activation of
c-Met also occurred in NRP1-expressing tumors in vivo.
We extracted tissue lysates from U87MG and NRPI

c-Met expression in the NRP1 tumors. However,
increased phosphorylation of c-Met was detected in
the tissue lysates of NRP1 tumors compared with
the parental tumors established at subcutaneous and
orthotopic sites. Finally, we examined whether increased
expression of NRP1 and c-Met phosphorylation corre-
lates with glioma progression in 14 primary human
glioma tissue samples by IB analyses. As shown in
Figure 7b, c-Met was detected at various levels in all of
the glioma tissues, whereas upregulation of NRPI
expression was seen primarily in high-grade tumors
(grades III and IV). Importantly, c-Met phosphoryla-
tion was also increased in high-grade gliomas, mostly in
grade IV GBM specimens, correlating with the expres-
sion profile of NRP1 in these clinical samples.

Oncogene
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Figure 4 NRP1 promotes survival of US7TMG cells by enhancing autocrine HGF/SF/c-Met signaling. (A) Overexpression of NRP1
promotes U87MG cell survival. Data of cell survival assays are shown as mean ts.d. (B) Inhibition of HGF/SF, but not FGF-2 or
VEGF, suppresses NRP1-promoted US7MG cell survival. Data of cell survival assays are shown as mean £ s.d. (C) Inhibition of tumor
cell-derived HGF/SF, but not VEGF or FGF-2, suppresses NRP1-potentiated activation of c-Met and Bad. IP and IB analyses of
various USTMG cells treated with or without the HGF/SF neutralizing antibody. (D) Serum starvation did not alter NRP1 expression
in US7MG, LacZ and NRP1 cells. IB analyses of various cell lysates under the same conditions as in (A). (E) and (F) Inhibition of
endogenous c-Met but not Sema 3A attenuates NRPI-potentiated US7MG cell viability. (E) Suppression of endogenous c-Met and

" Sema 3A by siRNA. IB analyses of c-Met and Sema 3A proteins in various US7TMG cells. (F) Cell survival assays of siRNA-transfected

U87MG and NRPI cells. Data are shown as mean +s.d. In (B-D), c-Met, Bad and f-actin were used as loading controls. Results in
(A-F) are representative of three independent experiments.
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Figure 5 NRPI expression potentiates HGF/SF stimulation of cell proliferation mediated by c-Met signaling. (A) Expression of
NRP1 in U87MG cells potentiates cell proliferation in response to a low dose of HGF/SF stimulation. Data of BrdUrd incorporation
in U87MG, LacZ, NRPI1-no. 1, and NRP1-no. 8 cells are shown as mean+s.d. (B) IB analyses of NRPI-potentiated HGF/SF
stimulation of phosphorylation on c-Met, ERK1/2 and Bad in various U87MG cells. (C) U0126 attenuated NRP1-potentiated HGF/
SF stimulation of phosphorylation on ERK1/2 and Bad (panel a, IB analyses) and cell proliferation in various U§7MG cells (panel b,
BrdUrd incorporation assays; data are shown as mean+s.d.). (D) Knockdown of Bad by siRNA (panel a, IB analyses) attenuates
NRPI1-potentiated HGF/SF stimulation of cell proliferation in various U87MG cells (panel b, data are shown as mean+s.d.). In
(B-D), c-Met, ERK1/2, Bad and f-actin were used as loading controls. Results in (A} to (D) are representative of three independent

experiments.

Discussion

The role of NRP1 in human tumor progression has been
studied in various cancer model systems. Upregulation
of NRP1 was found not only in endothelia but also in
tumor cells in various types of primary human cancer
specimens (Ding et al., 2000, Akagi et al., 2003).
Overexpression of NRP1 in tumor cells has been shown

to promote tumor growth and angiogenesis in xenograft
models and cell survival in cancer cells. In these reports,
NRP1 stimulation of tumor progression was primarily
attributed to VEGF-dependent pathways (Miao et al.,
2000; Bachelder et al., 2003). This study provides new
evidence that glioma cell-expressed NRP1 promotes
tumor progression through potentiating the HGF/SF/
c-Met signaling pathway. We show in primary human

Oncogene
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Figure 6 Inhibition of endogenous NRP1 attenuated HGF/SF
stimulation of cell proliferation and HGF/SF/c-Met signaling in
LNZ-308 glioma cells. (a) Inhibition of endogenous NRPI by
NRPI/siRNA in LNZ-308 cells detected by IB analyses. C, control
siRNA. NI, N2 and N3, individual siRNAs for NRP1. NRPI,
a pool of all three siRNAs of N1, N2 and N3. f-Actin was used
as a loading control. (b) Inhibition of endogenous NRPI1 in
LNZ-308 cells using siRNA-attenuated rhHGF/SF stimulation of
cell proliferation. Data of BrdUrd incorporation of siRNA-transfected
LnZ-308 cells are shown as mean+s.d. (¢) Inhibition of endogenous
NRPI in LNZ-308 cells using siRNA-suppressed HGF/SF stimulation
of ¢-Met signaling detected by IB analyses. c-Met, ERK1/2 Bad and
B-actin were used as loading controls. Results in (a—¢) are representative
of three independent experiments.

glioma specimens that upregulation of tumor cell-
expressed NRP1 correlates with glioma progression
and increased activation of c-Met in these clinical tumor
samples. We demonstrated that overexpression of NRP1
by US7MG glioma cells enhanced tumor growth in mice
through potentiating HGF/SF/c-Met activity stimulat-
ing tumor cell proliferation in mice. NRP1 potentiated
the autocrine HGF/SF/c-Met signaling pathway in
response to-low concentrations of HGF/SF in vitro,
and NRP1 expression is also correlated with c-Met
activation in U87MG tumors that overexpress NRP1.
Conversely, inhibition of tumor cell-derived HGF/SF,
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Figure 7 Upregulation of NRPI correlates with the activation of
c-Met in US7MG tumor xenografts and in high-grade human
glioma specimens. (a) Overexpression of NRP! in U8TMG
xenografts resulted in activation of c-Met in the established
tumors. IB analyses of U§7MG and NRPI xenografted tumors.
B-Actin was used as a loading control. (b) Upregulation of NRPI
expression correlates with activation of c-Met during glioma
progression. IB analyses of 14 frozen primary human glioma
specimens. c-Met and B-actin were used as loading controls.
Results are representative of three independent experiments.

but not FGF-2 or VEGF, by neutralizing antibodies
and of endogenous c-Met, but not Sema 3A, by spe-
cific siRNAs attenuates HGF/SF/c-Met signaling
and glioma cell viability. Furthermore, suppression of
endogenous NRP1 in LNZ-308 cells abolishes exoge-
nous HGF/SF stimulation of c-Met-mediated signaling
in the tumor cells at lower concentrations. Our results
corroborate a recent study showing that overexpression
of NRP1 in human pancreatic cancer cells resulted
in constitutive activation of mitogen-activated protein
kinase signaling (Wey et al, 2005). A plausible
mechanism of NRPI1 stimulation of tumor progression
in our study and the pancreatic cancer model is that
NRP1 enhances endogenous signaling modulating
tumor cell function independent of VEGF. Our results
of NRP1 potentiation of the HGF/SF/c-Met signaling
pathway in glioma cells agree with another recent study
showing that that NRPI not only interacts directly
with multiple heparin-binding growth factors, such as
FGF-2, FGF-4 and HGF/SF, but also potentiates
stimulation of FGF-2 on endothelial cells (West et al.,
2005). In addition, the increased sensitivity to HGF/
SF/c-Met signaling by endogenously expressed NRPI
in glioma cells is analogous to the increase in sensitivity
to FGF-2 caused by the addition of a soluble
NRP1 dimer to endothelial cells in the aforementioned
study. Expression of NRPI in various cell types may
sensitize the cells to their microenvironments, thereby
potentiating the corresponding intracellular signaling
critical for cellular function.

Increased expression of NRP1 has been detected in
tumor cells in clinical glioma samples, suggesting a link
between NRP1 expression and glioma malignancy (Ding
et al., 2000). Our results further elaborate on these
observations. By analysing a total of 92 primary human



glioma specimens, we show that upregulation of NRP1
in tumor cells correlates with glioma progression. In
U87MG tumor xenografts, overexpression of NRPI
markedly stimulated angiogenesis at both anatomic sites
(Figure 3). Significant stimulation of vessel growth by
tumor cell-expressed NRP1 in our U87MG xenografts
and in prostate and colon cancer models (Miao et al.,
2000) led to a hypothesis that tumor cell-expressed
NRPI1 stimulates vessel growth through a juxtacrine
mechanism that forms a complex of NRP1 (in tumor
cells), VEGF within the tumor microenvironment (inter-
cellular) and VEGFR-2 (in endothelial cells), thus
potentiating VEGF activity that enhances angiogenesis
and tumor growth (Klagsbrun et al., 2002). However, it
is difficult to dissect the NRPI-stimulated juxtacrine
signaling in harvested tumor tissues. Nonetheless, these
data and the aforementioned studies suggest a far wider
spectrum of activity of NRP1 in promoting tumor
progression than is currently appreciated.

In summary, this study provides a novel mechanism
that expression of NRPl in human glioma cells
promotes glioma progression through potentiating the
activity of HGF/SF/c-Met autocrine pathways. Upre-
gulation of NRPI1 in tumor cells correlates with the
activation of HGF/SF/c-Met pathways in both primary
glioma specimens and xenograft gliomas, and inhibition
of endogenous c-Met or NRP1 attenuates NRPI-
enhanced HGF/SF/c-Met signaling. In addition, our
data demonstrating NRPI expression patterns in
primary human glioma specimens and significant
enhancement of tumor angiogenesis in glioma xeno-
grafts suggest that tumor cell-derived NRP1 stimulates
vessel growth in a juxtacrine manner. These pathways
appear to act in concert in promoting glioma growth
and angiogenesis. Thus, our studies demonstrate a
necessity for simultaneously targeting NRPI/VEGF
and HGF/SF/c-Met signaling pathways in the treatment
of human gliomas.
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Materials and methods

Cell lines and their cultures

Human glioma cell lines U8S8TMG, UlISMG and T98G
were obtained from the American Type Culture Collection
(Manassas, VA, USA). Human glioma cell lines U251MG,
U373MG, LNZ-308, LN229 and LN319 were from our collection.
The transformed normal human astrocytes that form WHO
grade Ill-like glioma in the murine brain (NHA/ETR) were from
Dr R Pieper. Human umbilical endothelial cells (HUVEC)
were from Cambrex (Rockland, ME, USA). The cells were
cultured as described previously (Guo e al., 2001).

siRNA transient transfection
siRNAs were synthesized by Dharmacon Inc. (Lafayette, CO,
USA). The sequences of siRNA for target genes were Met, 5'-

GTGCAGTATCCTCTGACAG-3'; Sema 3A, 5-AAAGTTC

ATTAGTGCCCACCT-3 and NRPI NI, 5-GAGAGGTCC
TGAATGTTCC-3, N2, 5¥-AAGCTCTGGGCATGGAATC
AG-¥, and N3, 5-AAAGCCCCGGGTACCTTACAT-3;
and Bad, Signal Silence Bad siRNA kit (Cell Signaling,
Beverly, MA, USA). Cells were transfected with 120nM of
the indicated siRNA or a control siRNA (Invitrogen) using the
Oligofectamine reagent (Invitrogen Inc., Carlsbad, CA, USA).
After 24 h, siRNAs were removed and the cells were maintained
in medium containing 10% FBS for an additional 48h. The
inhibition of protein expression was assessed by IB analysis.

Other methods

Reagents, antibodies, analyses of primary human glioma speci-
mens, IHC, statistics, glioma xenograft models, immunoprecipi-
tation (IP), IB, in vivo BrdUrd labeling, generation of U87MG
NRP1-expressing cell lines and cell survival and proliferation
assays are described in the Supplementary Information.
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