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Tumor suppressor in
lung cancer-1 (TSLC1)
functions as a glioma
tumor suppressor

Abstract—Tumor suppressor in lung cancer-1 (TSLC1) loss is common in
many human cancers, including meningioma. In this study, we demonstrate
that TSLC1 protein and RNA expression is lost in 60% to 65% of high-grade
gliomas, and that T'SLCI reintroduction into glioma cells results in growth
suppression. Moreover, TslcI loss in mice results in increased astrocyte prolif-
eration in vivo and in vitro. These data indicate that TSLC1 functions as a
glioma tumor suppressor.
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Recent advances in molecular genetics have led to
the identification of novel genes involved in brain
tumor pathogenesis. In this regard, tumor suppres-
sor in lung cancer-1 (TSLC1), originally identified as
a non—small-cell lung cancer tumor suppressor,' is
involved in the pathogenesis of diverse types of hu-
man cancers,>® including meningioma.* TSLC1 is ex-
pressed in human leptomeninges but is lost or
markedly reduced in 30% of World Health Organiza-
tion (WHO) Grade I meningiomas.* In normal rodent
tissues, Tslcl messenger RNA (mRNA) is likewise
expressed in astrocytes,® raising the possibility that
TSLC1 might also be important in the molecular
pathogenesis of astrocytoma. In this study, we dem-
onstrate loss or marked reduction of TSLC1 expres-
sion in high-grade astrocytoma (glioma) at both the
protein and RNA levels. Consistent with its role as a
tumor suppressor, reintroduction of TSLC1 in
TSLC1-deficient glioma cells results in growth sup-
pression. Moreover, Tslcl loss in genetically engi-
neered mice results in increased astrocyte
proliferation in vivo and in vitro.

Methods. Patient samples. The glioma tissue microarray
(TMA) was assembled at the MD Anderson Cancer Center
(G.N.F.) as previously described.® Additional tumor samples were
obtained from the Washington University/Siteman Cancer Center
Tumor Tissue Repository. Human tissues were used in accordance
with approved human studies protocols.

Immunohistochemistry. TSLC1 antibody (ES1; 1:20,000 dilu-
tion) and Vectastain ABC development (Vector Laboratories, Bur-
lingame, CA) were used for immunohistochemical analysis.
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Western blots. Samples were lysed in NP-40 lysis buffer with
protease inhibitors, and proteins were separated by sodium dode-
cyl sulfate polyacrylamide gel electrophoresis before Western blot
analysis with TSLC1 (ES1; 1:2,000 dilution), S6 (Cell Signaling
Technology, Beverly, MD; 1:2,000 dilution), and a-tubulin (Sigma,
St. Louis MO; 1:10,000 dilution) antibodies. Densitometric analy-
sis was performed using the Gel-Pro Analyzer 4.0 (MediaCyber-
netics, Silver Spring, MD) with «-tubulin or S6 as a loading
control.

Real-time reverse-transcription PCR. Complementary DNAs
(cDNAs) were prepared from 1 pg of total RNA. Real-time reverse-
transcription (RT) PCR was performed and analyzed as previously
described.”

Clonogenic assays. 10°-U87 glioblastoma cells per well were
transfected with 2 pg of pc. DNA3.hygro or pcDNA3.hygro.TSLC1
plasmid DNA using Lipofectamine reagent (Invitrogen, Carlsbad,
CA) before selection with Hygromycin B (200 pg/mL; Roche Diag-
nostics, Indianapolis, IN) for 14 to 21 days. Surviving colonies
were stained with crystal violet and counted.

Tslc1™'~ mice. Tslc1™~ mice were generated at the J. David
Gladstone Institute (University of California, San Francisco) from
BayGenomics XI1486 embryonic stem cells.?

Immunofluorescence. One-week-old Tslc1™* (WT) and
Tslc1™™ mice (n = 3) were injected with 5-bromo-2-deoxyuridine
(50 pg/g BrdU; Sigma). After 2 hours, mice were killed, and their
brains were fixed in 4% paraformaldehyde. Brain sections were
immunolabeled with BrdU (1:100 dilution; Abcam, Cambridge,
MA) and glial fibrillary acidic protein (GFAP; 1:200 dilution;
Sigma) antibodies followed by Alexa 488 (BrdU; 1:200 dilution;
Abcam Cambridge, MA) and Cy3 (GFAP; 1:500 dilution; Sigma)
secondary antibodies. The number of BrdU-positive cells in the
hippocampus from each set of three littermates was determined.

Thymidine incorporation assay. Primary astrocyte cultures
were generated from 3-day-old WT and T'slcI*/~ mouse brains as
previously described,? and seeded at 5 X 10% cells per well for 24
hours of serum starvation. [*H]-thymidine (1 pCi per well) was
added in serum-free media, and the counts per minute were deter-
mined after 24 hours.

Results. Immunohistochemical analysis denoted no loss
of TSLC1 expression in 26 WHO Grade I and 6 Grade 1I
gliomas. In contrast, 60% of the WHO Grade III gliomas
and 65% of the WHO Grade IV (glioblastoma or GBM)
glioma samples showed loss of TSLC1 expression (figure 1,
A and B). TSLC1 loss was more common in astrocytic
neoplasms; most oligodendrogliomas retained TSLC1 ex-
pression (42/46; 91%). Because frozen specimens from
these TMA tumors were not available, GBM samples
from an independent set of 25 patients were examined
for TSLC1 expression at both protein and the mRNA
levels. Western blotting and densitometric analysis dem-
onstrated more than a twofold reduction in TSLC1 ex-
pression in 15 tumors (60%), with 8 tumors showing
more than a fourfold reduction (32%; representative
data shown in figure 1B). The remaining tumors demon-
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Figure 1. TSLC1 expression in glioma. (A) TSLC1 immu-
nohistochemistry was performed on gliomas representing
each World Health Organization (WHO) malignancy
grade. Whereas no loss of TSLC1 expression was observed
in WHO Grade I and II gliomas, anaplastic astrocytoma
(WHO III) and glioblastoma (WHO IV) exhibited 60% to
65% loss of TSLC1 expression. (B) Representative immu-
nohistochemical results from one TSLC1-immunopositive
(TSLCI1+) and one TSLC1-immunonegative (TSLC1™)
WHO 1V glioma (left panel) are shown. Magnification =
20X. Also included is a representative Western blot of
TSLC1 expression in two human glioblastoma (GBM) tu-
mor samples (right panel), demonstrating both retention
and loss of TSLC1 protein expression. (C) Western blot
analysis of TSLC1 expression in several glioma cell lines,
including rat C6, mouse CT-2A and DBT (top panel), hu-
man U118, U138, U87, and U373 (middle panel), and hu-
man SF126, SF129, and SF188 (bottom panel) cells,
demonstrates loss of TSLC1 protein expression in all cell
lines. Normal mouse astrocytes (WT) were included as a
positive control for TSLC1 expression. o-Tubulin was used
as an internal control for equal protein loading.

strated less than twofold decreases in TSLC1 expres-
sion. To determine whether TSLC1 loss was observed at
the RNA level, we examined TSLC1 mRNA expression
by real-time RT-PCR using TSLC1-specific primers in
the same samples examined by Western blot. We ob-
served a similar pattern of TSLCI mRNA loss in these
GBM specimens (data not shown). There was an 84%
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Figure 2. TSLC1 re-expression results in reduced glioma
growth. U87 cells transfected in triplicate with either an
empty vector or a vector containing human TSLC1 were
selected in hygromycin, and the number of colonies was
determined after 2 to 3 weeks. A representative plate from
each transfection is shown. The number of colonies in the
TSLC1-transfected U87 cells was significantly reduced
relative to empty vector. * p < 0.003, unpaired t test.

vector

concordance between TSLC1 protein and T'SLC1 RNA
loss in these tumors. Last, no TSLC1 expression was
observed in a panel of both human and rodent high-
grade glioma cell lines (figure 1C).

Previous studies from our laboratory and others have
shown that TSLC1 functions as a negative growth regula-
tor (tumor suppressor) when reintroduced into TSLC1-
deficient tumor cells.**® We used clonogenic assays on the
TSLC1-deficient human U87 glioblastoma cell line to
assess TSLC1 growth suppression. TSLC1 re-expression
resulted in a twofold reduction in the number of
hygromycin-resistant U87 colonies compared with vector-
transfected cells (figure 2).

Because TSLC1 loss is not the only genetic change in
high-grade glioma, we sought to determine whether TslcI
loss in mice was sufficient to confer an astrocyte growth
advantage in vivo and in vitro. Recent studies from our
laboratory have shown that mice heterozygous for an inac-
tivating T'slcl gene mutation exhibit >90% reduction in
Tslel expression in the brain® and in derivative astrocytes
(figure 3B). To determine the effect of Tslcl expression on
astrocyte proliferation in vivo, WT and TslcI*/~ mice were
injected with BrdU and analyzed by immunofluorescence
with BrdU and GFAP antibodies. We observed a twofold
increase in both BrdU-positive and GFAP-positive cells in
the hippocampus of TslcI*’~ mice compared with WT lit-
termates (figure 3A). Similar increases in BrdU-positive
and GFAP-positive cells were observed in other brain re-
gions (e.g., neocortex) of T'slcI*’~ mice (data not shown).

Because not all of the proliferating BrdU-positive cells
colabeled with GFAP, we next sought to directly measure
the effect of reduced Tslcl expression on astrocyte prolifer-
ation in vitro. Using [*H]-thymidine incorporation, we ob-
served a twofold increase in proliferation in Tslcl1™~
astrocytes relative to WT astrocytes (figure 3B). Collec-
tively, these results provide direct evidence that TSLC1
functions as an astrocyte growth regulator.
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Discussion. In this report, we demonstrate TSLC1

loss at the protein and RNA levels in high-grade
(WHO III/IV) glioma but not in low-grade WHO I or
II glial neoplasms. These findings suggest that
TSLC1 is most likely associated with malignant pro-
gression, rather than glioma formation. Similar to
our previous findings in meningioma, TSLC1 loss
predominated in high-grade tumors with high prolif-
erative indices.* Interestingly, TSLC1 loss was not
observed in another glial cell tumor (oligodendrogli-
oma), which may reflect a unique role for TSLC1 in
astrocyte growth control.

Because genomic alterations involving chromo-
some 11g23 are rare in glioma, as is true for menin-
gioma, the mechanism of T'SLCI1 gene inactivation
likely involves epigenetic silencing (e.g., promoter
methylation). Future studies will be required to de-
termine whether methylation accounts for the re-
duced TSLC1 expression observed in glioma.

Consistent with the function of TSLC1 as a nega-
tive growth regulator, we show that the TSLC1 sup-
presses human glioma growth in vitro and mouse
astrocyte proliferation in vivo and in vitro. These
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Figure 3. Reduced Tslcl expres-
sion results in increased astro-
cyte proliferation in vivo and in
vitro. (A) Representative immu-
- nofluorescence photomicrograph
images of the hippocampus from
BrdU-injected Tslc1™'* (WT)
and Tsle1t’~ mice are shown,
labeled with both BrdU (green)
and GFAP (red) antibodies.
Tsle1*’ ™ mice exhibit an in-
crease in the number of BrdU+
and GFAP+ labeled cells com-
pared with WT littermates.
BrdU+ cells from three different
sections of both WT and
Tsle1*’~ mice brains were
counted and averaged (n = 3
mice per genotype). Twofold
more BrdU+ cells were observed
in the Tsle1*’~ compared with
the WT brain sections. * p <
0.001, unpaired t test (right
panel). (B) Western blot analysis
demonstrates >90% reduction in
Tslcl protein expression in
Tslcl™’ ~ astrocytes compared
with WT astrocytes. S6 protein
expression was used as an inter-
nal control for equal protein
loading. Using [PH]-thymidine
incorporation to measure astro-
cyte proliferation, Tslcl ™'~
astrocytes exhibited an average
twofold increased proliferation
relative to WT astrocytes in vitro
(n = 3). *p < 0.001, unpaired
t test (bottom panel).

Tslc1+/-

latter data demonstrate a direct effect of Tslcl on
astrocyte proliferation and suggest that TSLC1 mod-
ulates pathways important for glial cell growth.
Studies are ongoing to define the mechanism of
TSLC1 growth regulation in the brain.
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Exploded drawing in posterior
cortical atrophy

Paul McMonagle, MRCPI, MD; and
Andrew Kertesz, MD, FRCPC, London, Ontario, Canada

A 69-year-old woman was referred with a progressive 2-year
history of problems reading, locating items in front of her, and
knocking over things she reached for. Examination revealed nor-
mal acuity and visual fields, slowness directing voluntary sac-

Disclosure: The authors report no conflicts of interest.

Address correspondence and reprint requests to Dr. McMonagle, Wessex
Neurological Centre, Southampton General Hospital, Tremona Road,
Southampton SO16 YD, UK; e-mail: paul.mecmonagle@suht.swest.nhs.uk

1866 NEUROLOGY 67 November (2 of 2) 2006
from www. neu"ol ogy.org at

Copyright © byDﬂvﬂﬁ%terpnsns

nau oriZe

8. Surace EI, Strickland A, Hess RA, Gutmann DH, Naughton CK. Tslcl
(Nectin-like molecule-2) is essential for spermatozoa motility and male
fertility. J Androl 2006 (in press).

9. Dasgupta B, Li W, Perry A, Gutmann DH. Glioma formation in neuro-
fibromatosis 1 reflects preferential activation of K-RAS in astrocytes.
Cancer Res 2005;65:236—245.

10. Mao X, Seidlitz E, Truant R, Hitt M, Ghosh HP. Re-expression of
TSLC1 in a non- small-cell lung cancer cell line induces apoptosis and
inhibits tumor growth. Oncogene 2004;23:5632—-5642.

Neuro/mages

Figure. (A) The patient’s disjointed at-
tempt at drawing a bicycle with items
scattered over the page (exploded draw-
ing). Once she lifted her pen from the
page she could not see the drawing and
could only guess where to place the pen
next. (B) The patient’s CT scan at the
time of assessment showing mild poste-
rior cortical atrophy.

cades (oculomotor apraxia), and mis-reaching toward visual
targets (optic ataxia). Her drawing (figure, A) was grossly dis-
torted but cognition was otherwise normal.

Drawing tasks may be underutilized in dementia assessment!
but this patient’s exploded drawing? illustrates the inability to
perceive and bind elements of a scene together, characteristic of
simultanagnosia. The progressive Balint’s syndrome, preservation
of memory, and scan findings (figure, B) suggest the diagnosis of
posterior cortical atrophy, which often has underlying Alzheimer
pathology.
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