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Abstract We describe diffuse glioma-like infiltrates in
excised tubers in five out of forty Tuberous sclerosis com-
plex (TSC) patients undergoing excision of a tuber at our
institution within the last 10 years. All patients presented
with refractory seizures. Resection specimens from four
patients had the pathognomonic histologic features of neu-
roglial hamartomas (tubers) and in one case there was corti-
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cal microdysgenesis lacking cells typical of TSC. All
lesions were associated with an infiltrate of atypical, mostly
elongate, glioma-like small cells, which were immunoreac-
tive for GFAP in three, and pS6 (a marker for activity of the
mTOR pathway), in two cases. MAP-2 and CD34, were
negative and MIB-1 (Ki67) immunostains ranged from <1—
21%. Array-based comparative genomic hybridization
revealed that these proliferative phenomena were associ-
ated with 21 different copy number aberrations in compari-
son with a tuber without atypical infiltrates. Postoperatively
(follow-up period ranging from 8 to 34 months) none of the
patients have any evidence of a glioma. We report that
tubers resected for treatment of seizures are sometimes
associated with glioma-like lesions, which are indistin-
guishable from infiltrating gliomas by morphology and
immunohistochemistry. Genomic analysis with SNP arrays
revealed copy number changes which may be associated
with the pathogenesis of such infiltrates.

Keywords Tuberous sclerosis - Glioma - Tuber -
Neuroglial hamartoma - Isomorphic glioma - Astrocytoma -
Epilepsy - Comparative genomic hybridization - Array -
SNP - Genetics - TSC - Tuberin - Hamartin - pS6 - MAP-2 -
CD34 - Proliferation - Atypical - Infiltrate

Introduction

Tuberous sclerosis complex (TSC) is an autosomal domi-
nant multisystem genetic disorder often characterized by
severe epilepsy. With the evolution of neurosurgical inter-
ventions for treatment of epilepsy refractory to medical
therapy, TSC-associated resection specimens are com-
monly seen in surgical neuropathological practice, particu-
larly in centers where epilepsy surgery is performed [58]. In
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this context, neuroglial hamartomas (historically referred to
as “tubers”) are a frequently encountered histologic sub-
strate of a clinical seizure disorder. Pathological features of
tubers include architectural disarray of the cortex with loss
of lamination, occurrence in the cortex and underlying
white matter of abnormally enlarged neuron-like cells with
glassy eosinophilic cytoplasm and large euchromatic neu-
ron-like single or multiple nuclei (so-called tuberous scle-
rosis cells, often also referred to as giant cells) and enlarged
reactive astrocytes [47, 57]. In the majority of cases
encountered in our practice, these characteristic features
confirm the clinical and radiological diagnosis of tuber.
However, we have found several cases where these hamar-
tomatous features were paired with a disturbing hypercellu-
larity and/or an infiltrate of small atypical glioma-like cells.
These findings prompted us to perform additional diagnos-
tic workup using immunohistochemistry and array-based
comparative genomic hybridization, in order to further
characterize these lesions and evaluate the possibility of a
diffusely infiltrating glioma.

Herein, we present the cases of five patients with such
glioma-like infiltrates.

Material and methods

Institutional Review Board approval was obtained for the
study. A retrospective review of H&E stained slides of
excision specimens identified through the electronic surgi-
cal neuropathology files from 1997 to 2007 was performed.
Pertinent clinical information including imaging findings
and status at last follow-up was obtained from the neurosur-
gical offices.

All pertinent histopathologic slides, including immuno-
stains as well as H&E stains and stains for myelin (Luxol
fast blue/H&E) were jointly reviewed by the three neuropa-
thologist authors (IF, CC, DCM). Additionally performed
immunostains for hamartin, tuberin, pS6, CD34, and MAP-
2 were reviewed by two neuropathologist authors (IF, CC).
Proliferation indices for Ki67 (MIB1) immunostains were
counted with Image Pro Express, Media Cybernetics image
analysis software. One high-power field (10x x 40x) in
the area of maximal labeling with Ki-67 (excluding areas
around depth-electrode tracks) was counted for each case.

Immunostains were all performed with a Ventana auto-
mated immunostainer (Ventana Medical Systems, Tucson,
AZ). Primary antibodies included those for vimentin (Ven-
tana), GFAP (Dako, Carpinteria, CA), Synaptophysin
(Dako), neurofilament protein (antibody RMDO20, Zymed,
Carlsbad, CA), Neu-N (Chemicon, Temecula, CA), leuko-
cyte common antigen (LCA, CD45, Ventana), CD68 (anti-
body KP1, Dako), Ki67 (MIB1, Ventana), CD34 (Ventana),
MAP-2 (Sigma), and phosphorylated ribosomal protein S6
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(Cell Signaling, Danvers, MA). Primary antibodies for
hamartin and tuberin were kindly provided by Mizuguchi
[42]. Both antibodies were raised by immunizing rabbits
against peptides synthesized according to the sequence
deduced from human tuberous sclerosis gene 1 and 2 cDNA,
respectively, as described in detail elsewhere [42].

Array-based comparative genomic hybridization
(Affymetrix mapping 500K array set)

Sufficient amounts of paraffin-embedded tissue for DNA
extraction were available from four cases. Areas with gli-
oma-like infiltrates were dissected from 50 pm paraffin-
embedded sections with the aid of a microscope. One case of
a tuber without a glioma-like infiltrate was used as a control.

DNA extraction

Samples were deparaffinized with xylene. DNA extraction
was done with a QIAamp® micro kit (QIAGEN) according
to the manufacturer’s instructions. The extractions were
modified to include an initial incubation at 95°C for 15 min
followed by 5 min at room temperature as described previ-
ously [61], before being digested with proteinase K for
3 days at 56°C in a water-bath with addition of fresh
enzyme at 24 h intervals.

DNA quality assessment and preparation

The extracted DNA was quantified using a Nanodrop
machine (Thermo Scientific). Multiplex PCR was done to
assess the quality of DNA. The QIAGEN® multiplex PCR
kit was used with a set of primers to amplify various
regions of the GAPDH gene. Products were visualized with
ethidium bromide on a 1% gel.

Preparation and application of DNA to the mapping arrays

Samples were analyzed on the Affymetrix GeneChip®
human mapping 250K Nsp assay kit and the mapping 250K
Sty assay kit [59] and hybridized to the 250K arrays. The
only deviation from the manufacturer’s protocol consisted
of the addition of five cycles to the PCR cycling conditions.
The 500K assay was done according to the manufacturer’s
protocol, beginning with 250 ng DNA. Exactly 90 ng of
PCR product were fragmented and labeled, using additional
PCRs as necessary for formalin-fixed samples.

Copy number analysis
Raw intensity files (.cel) of Affymetrix 500K mapping

arrays were analyzed using Affymetrix Genotyping Con-
sole v2.1 under default parameters. A reference set of 100
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HAPMAP samples (GEO record GSE5173) were used to
obtain ratiometric measures from the single color array pro-
files. Copy number regions of amplifications and deletions
were reported when event loci overlapped in multiple test
samples but not in the control.

Results
Patients

Over a period of 10 years, 40 patients diagnosed with TSC
underwent a resection of one or more tubers at our institu-
tion. Among these were five patients whose lesions were
found to have hypercellularity with appearances resembling
infiltrating fibrillary astrocytomas and were thus diagnosed
as lesions suspicious for glioma, or (in one instance) as a
diffusely infiltrating glioma. One patients’ clinical history
and outcome was published previously [58]. The clinical
histories are also summarized in Table 1.

Patient age at the time of surgery ranged from 5 to
17 years. Four patients were male, one female. All patients
presented with refractory partial seizures and met the clini-
cal criteria for a diagnosis of TSC; all patients had a history
of seizures since infancy and global developmental delay.
Four patients had cardiac rhabdomyomas, and one patient
had ash-leaf spots and adenoma sebaceum. MRI studies
revealed cortical tubers (consisting of cortical and subcorti-
cal foci of increased T2 signal intensity) in all patients, and
additionally, contrast enhancing subependymal nodules in
three patients and subependymal giant cell astrocytomas in
three patients.

Patients 1-4 underwent a three-stage craniotomy. This
consisted of [1] an initial surgery for implantation of sub-
dural grid and strip electrodes (Adtech, Inc., Racine, WI),
followed by extraoperative video-EEG monitoring to spe-
cifically localize the ictal onset zone and map sensory and
motor cortex [2], seizure focus resection and electrode
reimplantation, a second extraoperative monitoring period,
and [3] a final operation for further resection and electrode
removal. Patient 5 underwent a 3-stage left frontal craniot-
omy with invasive monitoring and resection of the epilepto-
genic tuber. Unfortunately, additional monitoring after
tuber resection captured persistent ictal activity from
uncovered multiple left-sided secondary seizure foci. The
patient underwent an anterior corpus callosotomy at the
third stage as a palliative procedure.

Patient 4 had undergone previous resections; 6 years
prior, he had undergone resections of tubers in the left pari-
etal, temporal, and occipital lobes at an outside institution.
Four years before surgery at NYU, multiple subpial tran-
sections in the left temporal lobe were performed, which
resulted in a modest improvement in seizure frequency.

Table 1 Summary of patient data

Status at last follow-up

Clinical follow-up length

Operation

Pre-operative MRI

Clinical presentation

Agelsex

Seizure-free, no radiographic

26 months

3-stage right frontal and

Subependymal nodules,

Developmental delay,

S5m

Case 1

evidence of glioma

temporal resections

cortical tubers

autism, and seizures

Seizure-free, no radiographic

34 months

Subependymal nodules, 3-stage right temporal

Developmental delay,

9m

Case 2

evidence of glioma

resection

cortical tubers, and

autism, and seizures

subependymal giant cell tumor

Infrequent seizures,

25 months

Subependymal nodules, 3-stage left temporal

Developmental delay,

11 m

Case 3

no radiographic evidence

of glioma

cortical tubers resection

autism, and seizures

90% seizure reduction,

11 months

3-stage left frontal and

Calcified cortical tuber,

Developmental delay, autism,

12 m

Case 4

no radiographic

parietal resection

subependymal

seizures, hydrocephalus, and

evidence of glioma

giant cell tumor

status post-VP shunt placement

Infrequent nocturnal seizures

8 months

2-stage left frontal tuber

Calcified cortical tuber,

Developmental delay, tubers,

17 f

Case 5

resection and
callosotomy

subependymal
giant cell tumor

hydrocephalus, and status
VP shunt placement
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Two of the five patients (patients 2 and 3) were known to
have mutations of the TSC2 gene. The other three patients
did not have genetic testing.

At last clinical follow-up ranging from 8 to 34 months,
none of the patients had any new areas of enhancement or
progressive T2 signal change suspicious for a glioma. Two
patients were free of seizures and three patients had a
reduction in seizures compared to the pre-operative period.

Histological findings

In all but one patient, typical neuroglial hamartomas
(tubers) could be identified, consisting of cortical architec-
tural disarray with enlarged, dysmorphic neurons (TSC
cells, Fig. 1b) which were variably labeled with neuronal
markers (Neu-N, synaptophysin, neurofilament protein,
MAP-2) and the glial marker GFAP. Additional immuno-

stains for hamartin, tuberin, and pS6 also labeled the cyto-
plasm of enlarged, dysmorphic cells in all cases (Fig. 1g,
h). A CD34 immunostain demonstrated labeling of a single
enlarged neuronal-type cell in a granular cytoplasmic fash-
ion in one case, as previously described for ganglion cells
in ganglioglioma [6, 10]. In the other four cases, CD34
stained vascular endothelia only (Fig. 1f).

In addition, in each patient specimen there was an infil-
trate of atypical, irregularly shaped gliomatosis-cerebri-
like cells with mostly elongate, but in some cases focally
oval to round nuclei. These cells resembled “naked nuclei”
with no discernible cytoplasm on H&E stains which were
seen to infiltrate among cortical neurons in well-ordered as
well as dysplastic areas, and were also present in the
underlying white matter (Figs. 1c, 2a). Immunohistochem-
ical characteristics of these infiltrates are summarized in
Table 2.

Fig. 1 Case 3: MRI revealed multifocal bihemispheric cortical/sub-
cortical regions of hyperintensity on T2 (a). Histologically, there were
large “balloon cells” (arrows) typical of a “tuber” (b, H&E, 40x), but
there was also striking cellularity (¢, H&E 40x). There were cells
resembling gliomatosis-like cells with elongate irregular nuclei (ar-

Fig. 2 Case 5: a foci of atypical
elongate cells with scant sur-
rounding cytoplasm infiltrating
among neuronal cells (arrows,
H&E 40x), not labeled with a
GFAP immunostain (b, 40x).
A MIB-1 immunostain labels
upto 10% of nuclei (¢, Ki-67,
40x).d MAP-2 highlights
dysmorphic neuronal cells
(40x). e p53 labels occasional
nuclei (40 x). f Many infiltrating
cells are labeled with a pS6
immunostain, as are the giant
cells of the tuber (inset, 40 x)
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rows), which were labeled by a GFAP immunostain (d, GFAP 40x).
LCA revealed a scattered inflammatory infiltrate (e, 40x). CD34 labels
endothelial cells only (f, 40x). TSC cells are highlighted in the back-
ground of infiltrating cells by the pS6 immunostain (g, 20x). Tuberin
also marks TSC cells (h, 40x)
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Table 2 Immunohistochemical profile of infiltrating glioma-like cells

GFAP MIB-1(%) P53 MAP-1 CD34 PS6
Case 1  +/— 8 <5 — - —
Case2 — 18 - — +/— —
Case3 +/— <1 - — - —
Case4  +/— 16 - — - +
Case 5 — 21 <5 — — +

+, the majority of infiltrating cell are labelled; &+, few cells positive;
— no cells labeled

There was immunopositivity of a portion of these cells
with GFAP in three cases, but no labelng with Neu-N,
synaptophysin, neurofilament protein, MAP-2, CD34,
hamartin, tuberin, pS6, CD68 (Kp-1) and CD45 (LCA)
immunostains (Figs. 1d-h, 2d, f), while the MIB-1 labeling
index was low (<1%) in one case, the other four cases had
MIB-1 labeling indices ranging from 8 to 21% (Fig. 2c).
P53 immunostains revealed focal immunopositivity in two
cases (Fig. 2e). However, in one of these, there was also
labeling of TSC cells with p53 (Fig. 2e).

Immunostains for CD68 (Kp-1) and CD45 (LCA) served
to highlight inflammatory changes associated with the
placement of electrodes for recording purposes and also
revealed a mild microglial activation in all resection speci-
mens. However, only a very small percentage of atypical
appearing infiltrating cells were labeled with these markers.

Comparative genomic hybridization

Each of the four cases tested and the control case displayed
copy number variations on >100 locations of the genome
(Fig. 3). Copy number losses were overall more frequent
than copy number gains. The control case had fewer losses
than all the study group cases and fewer copy number gains
than two of the cases with glioma-like infiltrates. A case-
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by-case summary of chromosomes with copy number vari-
ations is given in Table 3.

In comparison to the control, the four cases with glioma-
like proliferations had copy number losses involving 15
genes and a copy number gain involving one gene. Addi-
tional overlapping copy number losses affecting three of
four study group cases were detected in chromosomal
regions involving five genes. A list of these genes, encoded
proteins and their functions is provided in Table 4. None of
these aberrations occurred in genomic regions with known
copy number variations.

Copy number losses were identified in genes implicated
in cell cycle regulation (CLSPN, PES1, TBRG4), cell adhe-
sion and motility (MYOI1G, FAT), regulation of transcrip-
tion (EIF2C1, EIF2C4, ZMIZ2, PURB, H2AFV, ZBTB38),
protein transport (SECI14L3, SECI14L4), metabolism
(GAL3STI1, TCN2, PPIA), and CNS vascular development
(CCM2). The function of four additional genes with copy
number variations identified in samples with glioma-like
proliferations compared with the control has not been clari-
fied. These copy number aberrations each spanned lesser
than 1 Mb. No variations were detected in the chromosomal
regions of the TSC1 and TSC2 genes.

Discussion

With this small case series, we report the presence of histo-
logic features indistinguishable from diffusely infiltrating
gliomas in patients with documented TSC and a clinical
presentation of refractory seizures.

Histology and immunohistochemistry
“Cellularity” and “glial proliferations” in tubers have been

described in the literature [18, 47, 57]; however, the consti-
tutive cells in these cases consisted of enlarged stellate
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Fig. 3 Schematic representation of copy number variations in a tuber (left) and in patient 1 (right). Blue arrows indicate copy number gains, red

arrows losses
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Table 3 Locations of copy number losses and gains

Patient no.

CGH loss

CGH gain

Total

1

Control

1p, 1q, 2p, 29, 3p, 3q, 49,5p, 59, 6p, 64, 7p, 79,
8q, 9q, 10q, 11p, 11q, 12p, 12q, 14q, 15q,
16p, 16q, 17p, 17q, 19p, 19q, 20q, 22q

Ip, 1q, 2p, 2q, 3p, 3q, 4q, 5q, 6p, 69, 7p, 79, 8p,
8q, 9p, 9q, 10q, 11p, 11q, 12p, 12q, 13q,
14q, 15q, 16p, 16q, 17p, 17q, 19p, 19q, 20p,
20q, 21q, 22q

1p, 1q, 2p, 2q, 3p, 3q, 49, 5q, 6p, 6, 7p, 7, 8p,
8q, 9q, 10q, 11p, 11q, 12q, 13q, 14q, 15q, 16p,
16q, 17q, 18p, 18q, 19p, 19q, 20p, 20q, 22q

1p, 1q, 2p, 2q, 3p, 3q, 4p, 44, 59, 64, 7p, 8q, 9q,
10q, 11q, 12p, 12q, 13q, 14q, 15q, 16p, 169,
17p, 17q, 19p, 19q, 20p, 20q, 21q, 22q

1p, 1q, 2q, 3p, 39, 5p, 5q, 6p, 7p, 7q, 8q, 9p, 9q,
10q, 11p, 11q, 12p, 12q, 14q, 15q, 16p, 16q,
17p, 17q, 18q, 19p, 19q, 20q, 21q

1p, 1q, 2p, 2q, 3p, 39, 4p, 49, 5p, 59, 6q, 7q, 8q,
9p, 9q, 10q, 11q, 12p, 12q, 13q, 14q, 15q,
16p, 169, 18q, 20q, 21q

Ip, 1q, 2p, 2q, 3p. 3q, 4p, 44, 5p, 5q, 6p, 64, 7p,
7q, 8p, 8q, 9p, 9q, 10p, 10q, 11p, 11q, 12q,
13q, 14q, 15q, 16p, 16q, 17p, 17q, 18q, 19p,
20p, 20q, 21q, 22q

1p, 1q, 2p, 2q, 3p, 3q, 4p, 44, 5p, 59, 6p, 64, 7p,
7q, 8p, 8q, 9p, 9q, 10p, 10q, 11p, 11q, 12q,
13q, 14q, 15q, 16p, 16q, 17q, 18q, 19p, 19q,
20p, 20q, 21q, 22q

Ip, 1q, 2p. 2q. 3p, 3q. 4p, 44, 5p. 5q. 6p, 69, 7p,
7q, 8q, 9p, 9q, 10q, 11p, 11q, 14q, 15q, 16p,
17p, 17q, 18q, 19p, 19q, 20p, 21q, 22q

Ip, 1q. 2p. 2q. 3p, 3q. 4p, 44, 5p. 5q. 6p, 69, 7q,
8p, 8q, 9p, 9q, 10p, 10q, 11p, 11q, 12q, 13q,
14q, 15q, 16p, 16q, 17q, 18q, 20p, 21q, 22q

Gains 83, losses103

Gains 192, losses 143

Gains 158, losses 120

Gains 65, losses 146

Gains 121, losses 71

astrocytes and not irregular “naked nuclei” or microglial-
like cells as in the cases presented here. Furthermore, the
absence of expression of neuronal markers in the infiltrat-
ing cells in our case argues against these cells being simply
heterotopic (non-migrated) cortical neurons. Likewise, a
majority of the cells could not be characterized as microg-
lial in nature by immunohistochemistry. Therefore, the his-
tological findings cannot be wholly ascribed to a reactive
inflammatory process. All of our patients had more than
one resection. We found these hypercellular zones in the
first surgical specimens, and/or at considerable distance
from reactions next to prior surgical margins.

In three of five cases, we observed expression of GFAP
in a portion of the infiltrating cells, raising the possibility of
these infiltrates being low-grade diffuse astrocytoma. Of
interest, an isomorphic subtype of astrocytoma with a
benign long-term prognosis has been described in patients
with long-standing epilepsy [8, 55]. Affected individuals in
the reported clinical series were adults without a history of
TSC. Similarly to our cases, these lesions are characterized
by a homogeneous infiltrate of GFAP-positive, MAP-2
negative astrocytic-type cells without mitotic activity and a
low MIB-1 labeling index. Patients in this series had pro-
gression-free survival times of upto 13 years, demonstrat-
ing a better prognosis of this subtype than for other more
“typical” astrocytic tumors composed of MAP-2 positive
cells.

In this context, the neuronal marker MAP-2 has been
described as a useful tool to distinguish low-grade astro-
cytic from mixed glioneuronal lesions, i.e., gangliogliomas,
which are also associated with epilepsy and can present a
differential diagnostic challenge, while diffuse astrocytomas
are usually MAP-2 positive, the glial component of
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gangliogliomas is not [8, 9]. Another helpful marker in this
distinction is CD34, which highlights dysmorphic ganglion
cells of ganglioglioma [10]. “Isomorphic gliomas” associ-
ated with long-term seizures differ from more typical low-
grade astrocytomas in their absence of MAP-2 immunore-
activity, as seen in our cases.

There was no expression of CD34 in the resection speci-
mens presented herein except for vascular endothelia and a
single dysmorphic ganglion cell in one case, indicating that
the infiltrates we observe are not merely the glial compo-
nent of gangliogliomas [10]. Expression of the CD34 epi-
tope also occurs in approximately half of cortical dysplasias
and neuroglial hamartomas. Hence the expression in a large
dymsorphic cell indicates its malformative nature [6].

The tumor suppressor genes TSC1 or TSC2 (encoding
for hamartin and tuberin, respectively) carry mutations in
patients with TSC [2, 52, 56].

Physiologically, the hamartin and tuberin proteins form
an intracellular complex which blocks activation of mTOR
(mammalian target of Rapamycin) [31]. When function of
the TSC protein complex is lost, activation of mTOR leads
to phosphorylation of activation of ribosomal protein S6. In
the cases presented here, there was an expression of hamar-
tin and tuberin, as well as pS6 in the giant cells of tubers.
These findings are in agreement with existing published
data on the immunohistochemical profile of brain lesions in
TSC [5, 15, 26, 46]. In two cases we found expression of
pS6 in the glioma-like infiltrating cells. The significance of
this observation is unclear, since this protein is also
expressed in gliomas [49].

Four out of five cases had focally high proliferation indi-
ces, which is concerning, but does not prove that this is
caused by a neoplastic process. After all, the mTOR
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Table 4 Genes with copy number aberrations detected in four patients versus a tuber without a glioma-like infiltrate

Gene Protein Chr CNV # Function References
CLSPN Claspin 1p34.3 Loss 3  Regulator of checkpoint kinase 1 Chk-1, [36, 39]
interacts with BRCA1
EIF2C4 Eukaryotic translation 1p34.3 Loss 3  Argonaute family of proteins, translation, [19, 53]
initiation factor 2C, 4 RNAi-mediated gene silencing
EIF2Cl1 Eukaryotic translation 1p34.3 Loss 3  Argonaute family of proteins, translation, [19, 34]
initiation factor 2C, 1 RNAi-mediated gene silencing
SEC14L3  SECl4-like 3 22ql2.2 Loss 4 Intracellular protein transport [62]
SEC14L4  SEC14-like 4 22q12.2 Loss 4 Intracellular protein transport [62]
GAL3STI  Galactose-3-O-sulfotransferase 1 22ql2.2 Loss 4  Hormone and neurotransmitter metabolism [28]
PES1 Pescadillo homolog 1 22q12.2 Loss 4  Cell proliferation, implicated in cell proliferation, [33,41]
Overexpressed in gliomas
TCN2 Transcobalamin II 22q12.2 Loss 4 Vit B12-binding protein, CNS development, [27, 45]
associated with multifocal anaplastic
astrocytoma in single case report
Cl6orf45  Hypothetical protein LOC89927 16p.13.11 Loss 4 - -
Cl50rf26 ~ Hypothetical protein LOC161502 15g25.1 Loss 4 - -
TMEMS83  Not identified 15¢25.3 Gain 4 - -
CCDCS83 Coiled-coil domain containing 83 11q14.2 Loss 4 - -
ZMIZ2 Zinc finger, MIZ-type containing 2 7pl3 Loss 4 Enhances androgen-receptor mediated [29]
transcription
TBRG4 Cell cycle progression 2 protein Tpl3 Loss Cell cycle regulation [20]
PURB Purine-rich element Tp13 Loss Regulation of DNA replication and transcription, [38]
binding protein B deletion implicated in myelogenous leukemiain
PPIA Peptidylprolyl isomerase A Tp13 Loss 4  Protein folding, isomerase activity, neuroprotection  [3]
MYOIG Myosin IG Tpl3 Loss 4  Motor activity [54]
H2AFV H2A histone family, member V Tpl3 Loss 4  Structural component of the nucleosome [11]
CCM2 Cerebral cavernous malformation 2 ~ 7pl13 Loss 3  CNS vascular development [40, 44]
FAT FAT tumor suppressor homolog 1 4q35.2 Loss 4  Cadherin superfamily, adhesion molecule, [12]
signaling receptor
ZBTB38 Zinc finger and BTB 3q23 Loss 4 Methylation-dependent transcriptional repression, [24]

domain containing 38

highly expressed in the brain

# indicates in how many samples the copy number was seen in comparison to the control

pathway which is pathologically activated in TSC, has a
critical role in regulation of cell growth. Furthermore, the
TSC complex positively regulates the cyclin-dependent
kinase inhibitor p27, indicating a potential deregulation of
cell proliferation with loss of function of the TSC protein
complex [50].

A p53 immunostain labeled infiltrating cells in two
cases, but the fact that nuclei that were part of what was
recognized as “tuber” also were labeled warrants caution in
its interpretation. Furthermore, physiological crosstalk
between p53 and mTOR pathways is documented, raising
the possibility that focal immunopositivity for pS3 repre-
sents a TSC-associated, non-neoplastic phenomenon [22].

Gliomas (other than SEGAs) occur rarely in tuberous
sclerosis patients. Al-Saleem et al. [1] reported a glioblas-
toma in a 22 month-old child with TSC who had multiple

cortical tubers which were separated from the neoplastic
process. In contrast, a case report by Eren etal. [21]
describes a diffuse fibrillary astrocytoma growing in or
apparently arising from a tuber. CT scans in a 4-year-old
girl with tuberous sclerosis demonstrated growth of a pari-
eto-occipital tuber over the course of a few months. Histo-
logically, the lesion consisted of mostly spindle cells with
atypical nuclei forming a cellular lesion in the background
of dysmorphic enlarged neuronal and astrocytic cells inter-
preted as a pre-existing tuber. In this particular case, the
lesion had frankly neoplastic features, was very cellular and
included mitotic figures. Since the reports of diffusely infil-
trating gliomas in TSC patients are very rare, their occur-
rence in this setting may be coincidental.

The nature and cause of the excess cellularity in our TSC
patients remain unclear. Cells were immunoreactive with
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GFAP in three cases, and pS6 in two, indicating the activa-
tion of mTOR pathway in the infiltrating cells as in the
components of the tuber, but not with CD34, MAP-2, or
other neuronal markers, which almost exclusively high-
lighted dysmorphic neurons in the tubers.

It is possible that these are components of “isomorphic
gliomas” as described in patients with long-standing epi-
lepsy by Blumcke and others [7, 8]. The short post-opera-
tive follow-up in our series hinders the classification of
these processes based on the long-term clinical behavior.

However, the lesions we observed could also represent a
non-neoplastic tuberous sclerosis-associated phenomenon.
It has been demonstrated that tubers are in fact dynamic in
nature, expressing markers of cellular proliferation and sub-
ject to recruitment of new cells into the lesion [17, 35].
Such additional constituent cells, however, cannot explain
the histologic phenomenon we observe, since such “newly
recruited” cells have been described to be giant cells or dys-
morphic neurons by morphology and stain with neuronal
markers.

There is not only a morphological, but also a pathoge-
netic overlap between TSC-associated lesions and diffusely
infiltrating gliomas. For example, the protein products of
the TSC1 and TSC2 genes, hamartin and tuberin, are con-
sidered to function as tumor suppressors. The TSC proteins
form a complex which regulates cell growth through the
mTOR signaling pathway [43], which is also implicated
in the development of diffusely infiltrating gliomas [16].
Accordingly, the mTOR-inhibiting drug CCI-779 was
effective in clinical trials for the treatment of glioblastoma
and also for the treatment of tuberous sclerosis in vivo
[25, 37].

Array-based comparative genomic hybridization

The high number of copy number variations detected in all
samples including the control is consistent with existing
data on the frequency of submicroscopic structural variants
in the genome. While some of these structural variants are
of no consequence, others are etiological factors of disease
[23].

Considering the specific gene loci identified in our sam-
ples as potential candidate genes responsible for observed
proliferative phenomena, it is perhaps significant that not
only could some of them be linked to a neoplasm by virtue
of their function (for example the cell cycle regulators
CLSPN, PES1, and TBRG4), but also based on existing
data. For example, a deletion of the purine-rich element
binding protein B has been found in 60 patients with
myelodysplastic syndrome and acute myelogenous leuke-
mia [38].

One case of a multifocal anaplastic astrocytoma associ-
ated with transcobalamin 2 deficiency has been reported,
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even though such deficiency was caused by a mutation in
the functionally connected PMS2 gene in the particular
case [27].

Of the genes with to date unknown function, CI60ORF45
is of particular interest, because a loss was identified with
identical (or at least closely approximated) breakpoints in
all four samples, involving a single gene. This homogeneity
across our samples indicates that this is not likely a coinci-
dental finding. While the encoded protein has not been
identified, a GEO database [4] search revealed that a copy
number loss involving this gene has been found in glioblas-
tomas compared to normal control [13, 14].

Data on submicroscopic (less than 1 Mb) copy number
variations in TSC patients for comparison with our data are
not available in the literature. Karyotype-based CGH data
on patients with TSC are sparse. Only data of chromosomal
imbalances in subependymal giant cell astrocytomas are
published. Rickert and Paulus [48] found no DNA copy
number changes and no mutations in TSC-associated genes
in eight patients. However, a correlation of our findings
with karyotype-based CGH is not possible because the 21
overlapping aberrations detected involve DNA fragments
of submicroscopic length.

One study of genomic DNA of seizure patients (not
including TSC patients) using array-based CGH revealed
frequent gains on chromosomes 1p, 5p, 8q, 10q, and losses
on chromosome 7q [32]. None of the involved genes in that
study are identical with the candidate genes we identified.

More abundant data exist on genomic aberrations in gli-
omas. A recent analysis of 112 gliomas using BAC array
CGH demonstrated that known genomic imbalances (1p,
19q loss, EGFR amplification) in gliomas tend to cluster,
distinguishing three genetic subsets [30], thus validating the
use of array-based CGH as a method of genomic profiling.
The array used has a resolution of 1 Mb, thus explaining
why the study found genomic aberrations previously identi-
fied with karyotype-based approaches [32]. Another micro-
array-based CGH study on 50 gliomas including
glioblastomas, mixed oligoastrocytomas, and oligodendro-
gliomas identified 351 genes linked to gliomagenesis [14].
In a similar approach, Ruano [51] and others found novel
amplified genes on chromosomes 4pl5 and 13q32-34 in
glioblastoma multiforme. The 21 genes with copy number
variations in our samples are not among these. Considering
that a possible glioma in our samples would be low-grade,
it is perhaps not surprising that our findings differ from the
above described studies except for the copy number loss in
the C160RF45 gene.

In low-grade gliomas, Wong [60] and associates identi-
fied copy number losses in genes involved in cell cycle reg-
ulation different from those found in our samples.

The copy number variations we identified do not allow
us to distinguish between a neoplasm and a non-neoplastic
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process in our cases, since no data on TSC cases is avail-
able for comparison.

Summary and conclusion

The cases presented here have histologic features sugges-
tive, but not diagnostic of a neoplasm. There is some simi-
larity to previously described “isomorphic gliomas” in
patients with long-standing epilepsy. Genomic profiling
revealed copy number aberrations that could be the basis of
a proliferative phenomenon, although it is also possible that
these are associated with TSC. Further studies are needed
to clarify the nature and pathogenesis of glioma-like infil-
trates in tubers.
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