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Malignant astrocytomas are the most common and lethal adult
primary brain tumor. Retroviral gene trapping of nontransformed
neonatal astrocytes from a glial fibrillary acidic protein (GFAP):V'2Ha-
Ras murine astrocytoma model led to isolation of the transcription
factor Gata6. Loss of Gata6 resulted in enhanced proliferation and
transformation of astrocytes. Human malignant astrocytoma cell
lines, explant xenografts, and operative specimens demonstrated loss
of GATAG expression. Loss-of-function GATA6 mutations with loss of
heterozygosity of the GATA6 locus were found in human malignant
astrocytoma specimens but not in lower-grade astrocytomas or nor-
mal adult astrocytes. Knockdown of Gata6 expression in V'2Ha-Ras or
p53—/— astrocytes, but not in parental murine or human astrocytes,
led to acceleration of tumorgenesis. Knockin GATAG6 expression in
human malignant astrocytoma cells reduced their tumorgenic growth
with decreased VEGF expression. Collectively, these data demon-
strate that GATAG, isolated from a murine astrocytoma model, is a
novel tumor suppressor gene that is a direct target of mutations
during malignant progression of murine and human astrocytomas.
This work also demonstrates the utility of random mutagenesis
strategies, such as gene trapping, on murine cancer models toward
discovery of novel genetic alterations in corresponding human
cancers.

lioblastoma multiforme (GBM) are the most common and

malignant of all primary human brain tumors (1, 2). Current
management includes radiation and concomitant chemotherapy;
however, the median survival remains ~1 year (3). Although
pathologically indistinguishable, some GBM develop from a pre-
existing low-grade astrocytoma (LGA) (“secondary GBM”),
whereas others appear de novo (“primary GBM”) (2, 4). We and
others have demonstrated increased levels of activated p21-Ras in
GBM without primary oncogenic Ras mutations (5-7). We used ES
cell transgenesis to generate genetically engineered mouse (GEM)
models of astrocytomas by expressing oncogenic Ha-Ras (V1?Ha-
Ras) under control of the astrocyte-specific human glial fibrillary
acidic protein (GFAP) promoter (8). One strain of the
GFAP:V1?Ha-Ras GEM (RasB8) are alive to reproductive age but
ultimately develop LGA and die from high-grade astrocytomas
(HGA) by ~3-4 months of age (8, 9). GFAP-positive astrocyte
cultures established from newborn (B8-P0) or 3-month-old (B8-
3mth) mice harboring HGA both express the ¥/?Ha-Ras transgene
with elevated levels of activated Ras [supporting information (SI)
Figs. 7 and 8]; however, B8-P0, unlike B8—3mth, astrocytes do not
grow in soft agarose or develop tumors in Nod-Scid mice (SI Table
1). This suggests that the V'?Ha-Ras transgene does not suffice to
transform astrocytes but promotes acquisition of additional trans-
forming molecular alterations, several of which are known to occur
in human astrocytomas (8, 9).

In this study the B8 model was used as a “gene-discovery”
reagent. Using retroviral gene trapping to screen for genetic
modifiers that accelerate transformation of BS-P0 astrocytes, we
identified the transcription factor Gata6 as a relevant novel tumor
suppressor gene in human astrocytomas. Loss of Gata6 expression,
with mutations in its DNA binding domain and loss of heterozy-
gosity (LOH), was present in B8 murine HGA and not LGA and
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also human GBM and not LGA. This suggests that loss of Gata6
transcriptional regulation contributes to astrocytoma progression
rather than initiation. Furthermore, short hairpin RNA (shRNA)
knockdown of GATA6 in V1?Ha-Ras transfected murine and human
astrocytes accelerated transformation, whereas inducible and con-
stitutive replacement of GATA6-null human GBM cells inhibited
their tumorigenic growth. Collectively, these data support GATAG,
a genetic alteration discovered by using a GEM astrocytoma model,
as a functionally relevant novel human astrocytoma tumor suppres-
sor gene.

Results

A Retroviral Gene-Trapped Y'?Ha-Ras Astrocyte Library. Primary
astrocyte cultures were established from normal murine astrocytes
(NMAs) from newborn CD1-ICR mice (NMA-P0), plus newborn
(B8-P0) and 3-month-old (B8-3mth) B8 mice, the latter harboring
malignant HGA. Purity of the derivative astrocyte cultures was
>90% as determined by IFC for GFAP (SI Fig. 7). B8-P0O and
B8-3mth astrocytes expressed B-gal, indicative of the Y’’Ha-
Ras:IRES-LacZ (8) transgene, and had equivalent and elevated
levels of Ras-GTP compared with NMA-PO astrocytes (SI Fig. 8).
A total of 1.2 X 10° NMA-PO or B8-P0 plated astrocytes (up to 30
passages) did not form soft agar colonies or grow intracranial
xenografts in Nod-Scid mice, whereas ~5-10% of B§8-3mth astro-
cytes grew soft agar colonies and developed intracranial tumors (SI
Table 1 and Fig. 1B).

The retroviral gene trap cassette (Fig. 24), consisting of a splice
acceptor immediately upstream of B-gal-neomycin resistance fu-
sion gene (PBgeo) and the control (empty) vector, was used to
transduce 1.2 X 105 NMA-P0 and B8-P0 astrocytes (passage 4) with
an ~1.5 multiplicity of infection. Growth in soft agarose was not
detected with control retrovirus, whereas ~0.00375% of gene-
trapped B8-P0, but not NMA-PO astrocytes, grew in soft agar (SI
Table 1). Inverse PCR on 45 anchorage-independent gene-trapped
BS8-PO clones yielded 15 clones with trapped genes. In 3/15 clones
the murine Elys gene (GenBank accession no. NM_026375.1) was
trapped. Elys is speculated to have a major role in development of
extraembryonic membranes and hematopoietic cell lineages (10—
12). We ruled out the human ELYS gene as a relevant astrocytoma
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Fig. 1. Proliferation and tumorigenic properties of A C
gene-trapped astrocytes derived from the B8 GEM ”
astrocytoma model. (A) MTT proliferation assays of 3 70000
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-

P-value <0.05

NMAs from CD1-ICR newborn pups (NMA-PO), new-
born B8 pups (B8-P0), both transduced with empty
vector controls (Neg), gene-trapped B8-PO astrocyte
clones (GT1, GT2, and GT3), and B8-3mth astrocytoma
cultures derived from a mouse harboring a HGA. Gene-
trapped B8-PO clones have a proliferation advantage
compared with parental and Neg NMA-PO and B8-P0

RasB8 astrocytoma model

NMA RasB8 NMA RasB8 GT1 GT2
-PO -P0  -PO (Neg) -PO (Neg)

astrocytes, approaching the proliferation rate of the B_= ° E

transformed B8—-3mth astrocytoma cultures. (B Upper) £ g 2

Pathological features of invasive malignant astrocy- g Q a Eoa e

toma in the frontal cortex of Nod-Scid mice 1 month ﬁ 2 2 0O 0 O

after injection of 106 B8—3mth astrocytes (H&E). B-Gal [— - P19
staining confirms expression of the GFAP:V'2HaRas- . w— " 53

-

Intensity ratios
090 0 118 1.02 1.27 p1ormrGAPDH

IRES-LacZ transgene. GATAG expression is lost in the
HGA. (Lower) Pathological features of invasive malig-
nant astrocytoma in the frontal cortex of Nod-Scid
mice that developed in ~7% of B8-P0 gene-trapped
astrocytes (GT1 clone shown; H&E), with B-gal expression from both the GFAP:V'2HaRas-IRES-LacZ transgene and the gene-trap vector. Parental or empty
gene-trap vector-negative NMA and B8-P0 controls did not grow in Nod-Scid mice up to 6 months of observation. The finding of loss of Gata6 expression in the
HGA suggests that an acquired mutation occurred in the nontargeted gene-trapped allele. (C) B8 GEM astrocytomas at the age of 1 month (LGA, Upper) and
3months (HGA, Lower) (H&E). Gatab is expressed in 1-month LGA (Upper Right) but absent in 3-month HGA (Lower Right), suggesting a role in tumor progression.
B-Gal staining (Center) confirms expression of the GFAP:V'2HaRas-IRES-LacZ transgene in the transformed astrocytes. GATAG is abundantly expressed in wild-type
age-matched brains (13). (Magnifications: X400 for Band Cand x40 for Insets in B Left. Scale bars: 25 um for Band Cand 250 um for Insets in B Left.) (D) Western
blot analysis demonstrating that p19ARF and p53 expression is relatively unchanged in the B8 gene-trapped clones (GT1, GT2, and GT3) when compared with the
B8-P0 parental cells. p19ARF expression is absent in the B8 -3mth astrocytoma cells. Approximately 40 ug of protein lysates was loaded in each well. GAPDH was
used to assess the amount of protein loaded.

275 232 241 258 2.14 pS3GAPDH

tumor suppressor gene by demonstrating expression by RT-PCR in
a panel of established human GBM specimens (data not shown). In
12/15 clones the retroviral gene trap cassette integrated within two
sites of the first intron of the murine Gata6 gene (GenBank
accession no. NM_010258.2), in the same orientation as the Gata6
promoter (Fig. 24). Quantitative real-time PCR estimated two to
three copies of the gene trap vector per cell (SI Table 2) in three
of these Gata6-trapped B8-P0 clones (GT1, GT2, and GT3).

Characterization of the Gata6 Gene-Trapped B8-P0 Clones. From the
12 Gata6-trapped B8-PO clones we characterized three (GT1, GT2,
and GT3) clones in detail. Gata6 expression was reduced by
~50-58% (Fig. 2B), with an accompanying decrease in RNA
expression by quantitative real-time RT-PCR (SI Table 3) com-
pared with parental BS-P0 astrocytes. In NMA-PO0 astrocytes Gata6
expression was low but present, whereas it was completely absent in
B8-3mth astrocytoma cells (Fig. 2B). Ras-GTP levels in the
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Fig.2. Characteristics of gene-trapped astrocytes. (A) Schematic of the murine Gataé transcript isoform expressed in the CNS. Integrations of the retroviral gene-trap
vector were identified within the first intron of Gataé and in the same orientation as the endogenous promoter. The number of integrations per site is shown in the
firstintron. * represents the map position of a homozygous frameshift mutation identified in exon 3 of B8—3mth astrocytes. (B) Western blot analyses on protein lysates
isolated from primary astrocyte cultures, with 40 ug of total protein lysate loaded per lane. Absent Gata6 expression is noted in B8-3mth astrocytoma cells (consistent
with findings in Fig. 1 B and C). GAPDH was used as a positive control for loading and normalization of the densitometric analyses with Fluor Chem software. Gata6
expression was reduced between ~50% and 58% among the three B8-PO gene-trapped clones analyzed in detail (GT1, GT2, and GT3). (C) Chromatograms
demonstrating a 1641.1642InsCC mutation in exon 3 of Gataé in the B8-3mth astrocytes encoding the DNA binding domain. (D) Gata6 expression was constitutively
knocked-down in NMA and B8-P0 astrocytes by ~90% compared with controls by Western blot analysis (data not shown), with two shRNAs (mapping to murine exons
2 and 4) expressed from a stably integrated pSIREN-RetroQ vector. Parental or NMA and B8-P0 astrocytes engineered with a negative shRNA vector (control) were used
as negative controls for the MTT proliferation assays. Gataé knockdown induced a significant (*, P < 0.05) proliferation advantage after day 2, only in the B8-PO
astrocytes and not in NMA. (E) Gata6 knockdown in homozygous null murine astrocytes induced a proliferative advantage (P < 0.05) and increased anchorage-
independent growth in soft agar (F) compared with parental p53—/— astrocytes or those transduced with a negative shRNA vector (control).
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Fig.3. Alterations in GATAG6 expression among human GBM lines and explant
xenografts. (A) Western blot analysis demonstrating loss of GATA6 expression in
all four established human GBM lines. Each lane has 40 ug of total protein lysate,
with B-actin used as a positive loading control. Whole-brain sample was obtained
from a head injury patient requiring surgery, whereas NHA represents human
hTERT immortalized but nontransformed astrocytes. (B) GATA6 expression was
absent in six human GBM explant xenografts. Each lane has 40 ug of total protein
lysate, with B-actin used as a positive loading control. (C) GATA6 expression in
human GBM explant xenograft (X3) determined by IHC. A rabbit GATA6 poly-
clonal primary antibody and a protein G-HRP secondary antibody were used.
None of the xenografts expressed GATA6, with 50% immunopositive for the
differentiated astrocyte marker GFAP (rabbit GFAP polyclonal antibody from
DAKO). No immunoreactivity was detected on the GBM explant xenograft spec-
imens using only a secondary antibody. (Magnification: x<200.)

Gata6-trapped clones were comparable to B8-P0 astrocytes (SI Fig.
8); however, the trapped clones had increased proliferation (P <
0.05) compared with parental or control vector transduced
NMA-PO and B8-P0O astrocytes, approaching those of B§-3mth
cells (Fig. 14). In contrast to NMA-P0 or B8-P0 astrocytes, ~7%
(n = 3/45) of mice injected with these Gata6-trapped clones grew
intracranial invasive malignant astrocytomas, pathologically similar
to mice injected with B8—3mth cells (SI Table 1 and Fig. 1B). Gata6
expression was absent from the astrocytomas that developed from
both the B§-3mth astrocytes and the B8-PO gene-trapped clones
(Fig. 1B), suggesting that in the gene-trapped clones an acquired
loss-of-function mutation in the nontargeted Gata6 allele had
occurred. Of additional interest, in contrast to loss of pI9ARF and
mutations in p53 described previously in B§ HGA and derived
B8-3mth cells (9), these were not found in B8-P0 or the Gata6
gene-trapped clones (Fig. 1D).

Gata6 Alterations in Transgenic Murine Astrocytes. Mutational
screen of all six exons of the mouse Gata6 gene did not reveal any
deletions or insertions in NMA-PO, B8-P0, or the three gene-
trapped clones, whereas the B8—3mth astrocytoma cells harbored
a1641_1642InsCC mutation in the third exon of Gata6 encoding the
DNA binding domain (Fig. 2C and SI Table 6). This mutation was
not a naturally occurring polymorphism, because it was not iden-
tified in 50 normal chromosomes analyzed from 25 different mice
(data not shown). We also examined Gata6 expression in the B8
GEM astrocytomas at different times in astrocytoma development.
Gata6 was abundantly expressed in LGA (B8-1mth) but absent in
the HGA RasB8 tumors (Fig. 1C), suggesting a role for loss of
Gata6 expression as a late progression factor.

Effects of Decreased Gata6 Expression in Transgenic Murine Astro-
cytes. Gata6 expression was decreased by constitutive and stable
expression of two shRNAs in parental NMA-P0 and B8-P0 astro-
cytes, targeting the second and fourth exons of the Gata6 gene,
resulting in >90% reduced expression (data not shown). This
resulted in a significant proliferative advantage in the B8-P0 but not
in NMA-PO astrocytes (P < 0.05) (Fig. 2D), which was paralleled
by the ability to grow in soft agar (SI Table 1). Loss of Gata6
expression promoting transformation was not restricted to murine

Kamnasaran et al.

C GBM#s
A 618 12 1419
2 Activation DNA binding  Nuclear
S < GBM#s domain domain localization
zZ 1.2 3 4 56 signal
w00 GATAG
= L T GAPDH - [) g *™”| +p<oom S
§ =0 B GATAGwt
7 8 910 11 12 13 14 5 B oATAG G
2006 S oo GATAG-GBM6
eSS o = B GATA-GBMIS
200 npm—rr——q Z sxi00 B GATAG-GBMI2
T ToaD  F 7 o
15 16 1718 19 20 21 22 2 B GATAG-GBMIY
S UCEEE
0 I GAPDH Samplos

v v
B CCGCTG  CCGCTG  CCGACTG AGACGC AGACGC AGAACGC CTGTGC  CTGTGC CTGATGC

g
L3l

i

Blood

Sl
H\r\ml\"\ 1
/\O»J

L

i |
Wiy [
Ak L

CTCAGA CTCAGA CTCCAGA

Blood

Fig.4. Screening of human GBM operative specimens for alterations in expres-
sion and mutations. (A) RT-PCR screening of a panel of 22 human GBM operative
specimens. GATAG6 expression was absent in 20/22 samples tested. GAPDH was
used as a positive control marker. (B) Chromatograms of homozygous frameshift
mutations identified in the GATA6 DNA binding domain and C terminus of five
GBM specimens. These specimens also had loss of GATA6 RNA expression by
RT-PCR (A), with loss of GATA6 protein expression in 19 specimens available for
IHC evaluation (Fig. 5A). (C) Schemata of the human GATA6 protein with loca-
tions of homozygous frameshift mutations identified in the DNA binding domain
(3/5) and C terminus (2/5) of GBM specimens and associated with LOH (SI Fig. 10).
(D) DNA binding assays of GATA6 patient GBM mutations using the p450-
Cytochrome:C17 promoter:pGL3 firefly luciferase reporter in U87 cells. Negative
controls included nontransfected U87 plus transfection with the pcDNA3.1+
vector lacking only the GATA6 gene. The data (expressed as mean * SEM)
demonstrate that wild-type GATA6 induced significant expression (P < 0.001) of
the firefly luciferase reporter from the p450-Cytochrome:C17 promoter. How-
ever, the GATA6 frameshift mutations identified from the GBM specimens re-
sulted in minimal nonsignificant induction of the firefly luciferase reporter from
the p450-Cytochrome:C17 promoter.

astrocytes with oncogenic p21-Ras, because a proliferative advan-
tage and ability to grow in soft agar also resulted in p53—/—
astrocytes (passage 3), but not in empty vector transduced control
cells (Fig. 2 E and F).

GATAG6 Alterations in Human Astrocytomas. Western blot analyses,
with an antibody that recognizes all murine and human GATA6
isoforms, failed to detect any expression in a panel of well charac-
terized established human GBM lines (Fig. 34). GATAG expression
was also absent in a panel of early- and late-passage human GBM
s.c. xenograft explants (Fig. 3 B and C). An additional panel of 22
human GBM flash-frozen operative specimens was screened with
RT-PCR, with GATAG6 expression not detectable in ~90% (20/22)
(Fig. 44). Insufficient amounts of frozen tissue were available to
undertake Western blot analysis on each specimen; however, we
undertook immunohistochemistry (IHC) analysis on a panel of nine
LGA and 19 GBM (Fig. 54), the latter a subset from the 22 GBM
analyzed by RT-PCR (Fig. 44). GATAG expression was lost in only
~10% (1/9) of LGA while absent in ~85% of GBM (16/19). We
also examined a patient who presented with a secondary GBM and
found GATAG6 expression in nontransformed astrocytes and the
LGA atinitial presentation but absent in the subsequent GBM (Fig.
5B). This preliminary evaluation in adult human LGA and HGA
suggests that loss of GATAG6 expression is associated with astrocy-
toma progression rather than initiation.

Mutation analyses across the entire seven exons plus 5" flanking
region of the human GATA6 gene were undertaken in five GBM
samples demonstrated to have loss of GATA6 transcript (Fig. 44
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Fig. 5. Screening of human astrocytomas operative specimens for alter-
ations in expression using IHC. (A) GATAG6 expression was tested by IHC in
normal human brain (from head injury patient), nine LGA, and 19 human GBM
paraffin-embedded specimens. One of nine (=10%) LGA and 16/19 (=85%)
GBM had loss of GATAG6 expression, suggesting that loss of GATAG6 is involved
in astrocytoma progression. Pictures show GATA6 (Upper) and GFAP (Lower)
immunostaining. The rightmost panels demonstrate the invading edge of a
GBM with loss of GATAG6 expression, while nontransformed astrocytes and
other cells retain GATA6 expression (arrowhead). (Magnification: X400. Scale
bars: 25 um.) (B) GATAG expression is analyzed in a patient with a patholog-
ically documented secondary GBM. GATAG expression is abundant in the
initial resected LGA (Left) but absent when the patient recurred with a GBM
(Right). Shown are H&E immunostaining and GATA6 immunostaining. (Mag-
nification: xX400. Scale bars: 25 um.)

and SI Tables 7 and 8). Mutations were identified in 3/5 GBM
within the DNA binding domain (exon3) and 2/5 harbored muta-
tions in the C terminus of the protein (SI Table 4, Fig. 4 B and C,
and SI Fig. 94). Presence of mutation was also confirmed by using
a second set of primers and PCR-RFLP analysis (SI Fig. 9). The
mutations were not naturally occurring polymorphisms, as they
were not identified in 50 normal chromosomes analyzed from 25
normal volunteers. Second, these mutations were not germ-line
because they were absent in normal peripheral blood leukocytes
from corresponding GBM patients (Fig. 4B). To discern whether
LOH was evident, we selected a panel of inter- and intragenic SNP
genetic markers mapping within and flanking the GATA6 gene to
genotype the patient’s blood and GBM (SI Fig. 10 and SI Table 9).
LOH of SNP markers (both inter- and intragenic) were noted to be
associated with the GATA6 gene that had mutations within the
protein-coding exons.

Because all five GBM lacked GATAG6 transcripts by RT-PCR
(Fig. 44), we postulated that these identified human mutations
(associated with LOH) in the DNA binding domain and C terminus
result in nonsense frameshift mutation-mediated mRNA decay
pathway/and or a GATAG protein with loss of function. To test for
the functional consequence of the GATA6 mutations found in the
five GBM sequenced, we used a 227-bp fragment of the p450-
Cytochrome:C17 promoter containing GATAG transcriptional reg-
ulatory elements (13) using a dual luciferase assay. Wild-type
GATAG6 induced the p450-Cytochrome:C17 promoter (Fig. 4D)
after transient transfection in U87 cells lacking GATAG expression
(Fig. 34). However, induction by the five identified human GBM
GATA6 mutations was reduced by ~5- to 8-fold (Fig. 4D) (P <
0.001) and was only ~2- to 4-fold greater than background induc-
tion from transient transfection with the pcDNA3.1+ vector only.

GATA6 Functional Studies in Human Astrocytes. Knockdown of
GATAG6 expression was undertaken by constitutive and stable
expression of shRNAs in hTERT immortalized normal human
astrocytes (NHA) (14) and NHA stably transfected to express
VI2Ha-Ras (NHA:V!?Ha-Ras), both of which are unable to form

8056 | www.pnas.org/cgi/doi/10.1073/pnas.0611669104

soft agar colonies and grow intracranial tumors (data not shown).
The shRNAs targeted the fourth and fifth exons of the human
GATAG gene, resulting in reduced RNA expression and subsequent
absent protein expression (Fig. 64i and SI Table 5). Parental
NHA:V?Ha-Ras had an overall increased proliferation rate com-
pared with NHA astrocytes (P < 0.05), but GATA6 knockdown did
not increase the in vitro proliferation of either line (P > 0.05) (Fig.
6Aii). The difference in proliferation properties compared with the
murine astrocytes (Fig. 2D) is most likely due to the BS-PO
astrocytes harboring many genetic alterations other than V'?Ha-Ras
(8), many of which are uncharacterized. These genetic alterations
are sufficient to create a greater susceptibility for enhanced pro-
liferation compared with only hTERT and Y!?Ha-Ras expres-
sion in NHA. However, intracranial injection of GATA6 knock-
down NHA:V1?Ha-Ras astrocytes (1 X 10°) (n = 3), but not of
NHA:V!?Ha-Ras transduced with vector only or GATA6 knock-
down NHA astrocytes (n = 3 of each), grew invasive astrocytomas
in Nod-Scid mice at ~4 months (Fig. 6B).

Overexpression of GATA6 was undertaken by tetracycline
[doxycycline (Dox)]-On-induced expression in U87 and U373 hu-
man GBM cells, which do not express GATAG6 (Fig. 34). Expres-
sion of GATAG6 in U87 cells by administration of Dox resulted in
inhibition of in vitro proliferation, measured by MTT assay, over 6
days (Fig. 6C) and also growth in soft agar (data not shown).
Transient overexpression of GATAG6 in U87 cells resulted in a
significant increase in the number of cells arrested in G; when
compared with U87 cells or U87 transiently transfected with an
empty vector (P < 0.05) (Fig. 6D), but no significant changes were
noted in the percentage of cells in the subG; phase, indicative of
apoptotic cells. Intracranial injections of 1 X 10% U87:Tet On-
GATAG cells into the frontal lobe of Nod-Scid mice reproducibly
produced gliomas within ~4 weeks without Dox, (n = 3) (Fig. 6E
Right). With Dox administered in the drinking water to express
GATAG, gliomas did not develop in the mice by 4 months (n = 3)
(Fig. 6E Left). Inhibition of tumorigenesis was also noted with
Dox-induced GATAG6 expression in U373 GBM lines (data not
shown). We have begun to study GATAG6-regulated effectors that
may play a functional role in glioma progression, such as those
linked to astrocytoma angiogenesis, a recognized key differentiat-
ing factor between low- and high-grade gliomas (2). Transient
constitutive reexpression of GATAG6 in U87 cells inhibited VEGF
expression (Fig. 6F), recognized as a critical mediator of angiogen-
esis in gliomas.

Discussion

GEM models of cancers, based on known genetic alterations of
human tumors, have been used to enhance our knowledge of
tumor biology, genetic interactions, progression, and preclinical
therapeutic evaluation. This study demonstrates how these mod-
els may also be used as gene-discovery reagents for finding novel
genetic alterations in human cancers. Using retroviral gene-
trapping on newborn (P0) transgenic astrocytes, established
from a GFAP:V1?HaRas GEM astrocytoma model, we identified
Gata6 as a transforming modifier with Y”?HaRas in astrocytes.
Expression, mutational, and functional analyses all demonstrate
that GATAG is a novel tumor suppressor gene not only in the
GEM model, but also more importantly in human GBM.

GATAG is one of six members of the mammalian GATA family
of transcription factors, all containing two highly conserved zinc-
finger DNA binding domains that interact with a canonical DNA
motif (G/A)GATA(A/T) (15). Expression of Gata6 in the devel-
oping murine brain at embryonic days 11 and 15 and postnatal day
7 has been undertaken as part of the Brain Expression Map Project
(www.stjudebgem.org/web/mainPage/mainPage.php). We and oth-
ers have recently demonstrated GATAG expression in a variety of
adult murine and human cells of the nervous system, such as the
choroid plexus epithelium, neurons, astrocytes, and endothelial
cells (16, 17).
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Our interest in Gata6 stemmed not only from its prevalence in the
gene-trapped RasB8-P0 clones (12/15) (Fig. 2A4), but also from
prior evidence of its role as a potential tumor suppressor gene. Loss
of Gata6 expression was reported in a murine model of adreno-
cortical tumors (18), and ~82% of human ovarian cancers had
complete absence or mislocalization of the GATAG6 protein (19).
Although Gata6 was obtained from a gene-trap screen of a GEM
astrocytoma model, this report is the first where all major criteria
for GATAG to be a valid tumor suppressor gene in a human cancer
have been obtained. (/) GATAG6 protein expression was absent in
several established human GBM lines and explant xenografts (Fig.
3). (if) GATA6 RNA expression was absent in 20/22 (=90%) human
GBM operative specimens (Fig. 44). (iii) GATAG protein expres-
sion by IHC was absent in the majority (=85%) of human GBM
specimens and a much lower number (=10%) of LGA (Fig. 54). In
a patient demonstrating a secondary GBM, GATAG expression was
absent in the GBM lesion but present in the LGA lesion (Fig. 5B),
similar to what we found with the B8 GEM (Fig. 1C). These findings
collectively suggest loss of GATAG to play a role in astrocytoma
progression rather than initiation. (iv) Nonpolymorphic GATA6
mutations were found in all five GBMs sequenced, with resultant
loss of GATAG transcriptional activity (Fig. 4 B-D). These muta-
tions were associated with LOH (SI Fig. 10). (v) Stable reduction
of GATAG expression by two shRNA in nontransformed "’?Ha-Ras
immortalized mouse and human astrocytes resulted in i vitro and
in vivo transformation (Figs. 2D and 6 4 and B). (vi) Replacement
of wild-type GATA6 into human GBM cell lines lacking GATAG6
expression reverted in vitro and in vivo growth potentiation, as a
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consequence of increasing the number of cells arresting in G; and
decreasing VEGF expression (Fig. 6 C-F).

Loss of GATAG6 and resultant tumor progression is not restricted
to astrocytes with only p21-Ras mutations or elevated levels of
Ras-GTP activity. Mutations and loss of GATAG6 expression were
present in human GBM specimens, which, though harboring ele-
vated levels of Ras-GTP activity, do not harbor p21-Ras mutations
(5). Furthermore, there was no significant difference in Ras-GTP
levels in the B8-P0O, corresponding B8-PO gene-trapped clones
(GT1, GT2, and GT3), or B8-3mth astrocytes (SI Fig. 8), although
only the latter two cell lines grew in soft agar and made in vivo
tumors. Last, Gata6 shRNA knockdown induced proliferation and
transformation in both V1?HaRas and p53—/— (without p21-Ras
mutations) murine astrocytes (Fig. 2 E and F).

Reexpressing GATA6 in human GBM cells (U87), with
resultant decreased proliferation, demonstrates accumulation in
the G; phase of the cell cycle (Fig. 6 C and D). This is similar to
reports in rat glomerular mesangial cells and murine vascular
smooth muscle cells plus embryonic fibroblasts (20, 21). In rat
glomerular mesangial cells, GATA6 overexpression inhibited
CDK?2 kinase activity, with an increase in the steady-state levels
of p21©P and attenuation of cyclin A, leading to G, arrest (20).
Consistent with the above report, loss of GATAG6 in ~85-90%
of human GBM (Figs. 44 and 54) is also associated with a
decrease or absence of p21©P immunoreactivity in ~50% of
GBM (22). In addition, we found that knockdown of GATAG in
the gene-trapped B8-P0 astrocytes did not alter expression of
p19ARF or p53 (Fig. 1D). However, in the tumors that arise from
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these intracranial injected gene-trapped B8-PO cells (data not
shown), B8 HGA, and derivative B8-3mth astrocytoma cells,
there is loss of p19ARF expression and p53 mutations (8, 9). This
suggests that additional GATAG independent secondary genetic
alterations resulting in altered p19ARF and p53 expression are
collectively involved in promoting in vivo tumorigenesis.

GATAG-regulated transcripts involved in promoting astrocy-
toma progression are of biological and potential therapeutic inter-
est. Restoration of GATAG6 expression in U87 cells inhibited their
growth in intracranial xenograft models, which may result from
decreased angiogenic capacity because of inhibition of VEGF
expression (Fig. 6 E and F). Increased angiogenesis and VEGF
expression are closely linked to malignant astrocytoma progression,
especially GBM (2).

GATA6 maps to mouse chromosome 18A1 and human chromo-
some 18q11.1-q11.2 (www.ensembl.org). LOH in the proximal
region of human chromosome 18q has been reported in human
squamous cell, ovarian, and prostate cancers (23-25). Moreover,
LOH of human chromosome 18q has been reported in astrocyto-
mas specimens (26, 27). cDNA macroarray and microarray exper-
iments have not yet reported a significant loss of GATAG6 expression
in human GBM due to a lack GATAG6 on the arrays or to the
method of analysis (28-33). However, using a nonbiased gene-
discovery approach with a GEM astrocytoma model, we have
identified, and verified with expression, mutational, and functional
analyses, GATAG6 to be a novel human astrocytoma tumor suppres-
sor gene involved in tumor progression. In a broader perspective,
this work also illustrates how random insertional mutagenesis
strategies most commonly used to generate mouse germ-line mu-
tations, such as gene trapping, RAGE, and Sleeping Beauty (34,
35), can be used in relevant GEM models of human diseases to
decipher novel loss- or gain-of-function alterations in the corre-
sponding human disease.

Methods

Transformation Assays. MT T viability assay with triplicate plating of
3,000-10,000 cells into each well of a 96-well microtiter plate with
100 wl of astrocyte medium was done to evaluate anchorage
dependent growth (9). The assay was performed at 2-day intervals
for a period of 6-10 days. Statistical analysis was undertaken by
using the unpaired two-tailed Student ¢ test, with P values <0.05
considered significant. Ability to form colonies in soft agar after 4
weeks was used to evaluate anchorage-independent growth by
plating ~10 cells in soft agar as described (9). Dox (1 pg/ml; Sigma,
St. Louis, MO) was used to induce expression of GATAG6 in U87
and U373 lines in vitro (pREV-TRE:GATAG6), with controls grown
in the absence of Dox. To evaluate in vivo transformation, stereo-
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tactic intracranial injection of ~10° cells into the frontal lobe of
Nod-Scid mice was done. At specified time points or as per animal
care guidelines, the mice were killed, and brains were harvested and
fixed in 10% formamide. The brains were embedded in paraffin, cut
into 7-pum sections, and evaluated by using IHC. For these in vivo
experiments, 10 mg/ml Dox was given in the drinking water of mice
injected with U87 and U373 (pREV-TRE:GATA6) astrocytoma
cells to induce GATAG6 expression.

IHC. Sections (7 um) of paraffin-embedded specimens [six human
GBM explant xenografts, 19 human GBM, nine LGA, secondary
GBM specimens (low- and high-grade astrocytoma from a single
patient), B8 gene-trapped induced intracranial tumors, B§—3mth
induced intracranial tumors, and B8 GEM brains (LGA-1mth and
HGA-3mth)] were subjected to antigen retrieval by pressure cook-
ing for 15 min in antigen unmasking solution (Vector Laboratories,
Burlingame, CA) used with standard IHC protocols (9). Specific
dilutions used included 1:100 of rabbit GATAG6 polyclonal antibody
(Santa Cruz Biotechnology, Santa Cruz, CA), 1:600 of rabbit
GFAP polyclonal antibody (Dako), 1:300 of B-gal mouse ascites
(Sigma), and 1:300 of protein G-HRP secondary antibody (Zymed)
as a negative control. Detection was with a protein G-HRP
secondary antibody (Zymed) and a peroxidase kit (Vector Labo-
ratories); protein G-avidin secondary antibody and a biotin detec-
tion kit (Vector Laboratories); or the Vector Elite avidin-biotin
complex method detection system (Vector Laboratories). Sections
were counterstained briefly in hematoxylin for 5 sec, dehydrated in
70%, 80%, and 100% ethanol series, followed by a brief wash in
xylene, and mounted in Permount (Fisher). Sections were also
stained with H&E (Fisher) by using standard protocols. Images
were captured with Nikon ACT-1 software and a Nikon E-600
microscope mounted with a digital camera.

Additional Details. Additional methods are described in SI Text.
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